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Abstract:

Keywords:

The Cueva Mayor karst system of Atapuerca, in Northern Spain, hosts a highly significant
record of human occupation from the Pleistocene. The climatic context of the human activities
during the Pleistocene-Holocene for this inland site has not been well constrained, since
existing records of the palaeoclimatic evolution of the Northern Iberian Peninsula are from
more distal coastal and high-elevation sites. In this study, we interpret the palaeoenvironmental
information recorded on the petrography of a stalagmite and the pollen spectra of the Sierra
de Atapuerca karst system during the last 20 kyr. The integration of both types of records has
allowed us to define four palaeoenvironmental stages. During the Upper Pleistocene and until
12.8 kyr BP, the climate was cold and dry, toward the end of the interval evolving to wetter and
warmer conditions. From 12.8 to 7.7 kyr BP, during the Mesolithic-Neolithic, a major erosion
event in both records marks the Pleistocene-Holocene transition. Around 5.9 kyr BP, the Late
Neolithic, environmental conditions indicate a climatic optimum with a marked seasonality.
The environmental conditions became drier from 4.2 kyr BP until the present, with a decrease
in the woodlands. This aridity signal might be amplified by the impact of a more intense
human agricultural activity after 3.1 kyr BP, during the Bronze Age.
palaeoenvironmental record; stalagmite; pollen; human impact; U/Th-radiocarbon dating
Received 10 January 2013; Revised 5 June 2013; Accepted 15 October 2013

Citation:

Martínez-Pillado V., Aranburu A., Arsuaga J.L., Ruiz-Zapata B., Gil-García M.J., Stoll H., Yusta I.,
Iriarte E., Carretero J.M., Edwards R.L. and Cheng H., 2014. Upper Pleistocene and Holocene
palaeoenvironmental records in Cueva Mayor karst (Atapuerca, Spain) from different proxies:
speleothem crystal fabrics, palynology and archaeology. International Journal of Speleology,
43 (1), 1-14. Tampa, FL (USA) ISSN 0392-6672 http://dx.doi.org/10.5038/1827-806X.43.1.1

INTRODUCTION
The Sierra de Atapuerca is located in the north
centre of the Iberian Peninsula, in the transition
between Mediterranean and Atlantic climate regions,
15 km to the east of the city of Burgos, between the
Ebro and Duero basins (Fig. 1a). The low-altitude
ridge (1078 m) in the Arlanzón River Valley contains a
large number of karstic cavities formed in Cretaceous
limestones. The karstic system has been filled by
different types of sediment during the Pleistocene
*vmpillado@gmail.com

since at least 1.4 million year (Falguères et al., 2001;
Carbonell et al., 2008; Moreno et al., 2012) and during
the Holocene, up to 1000 yr BP (Carretero et al.,
2008). The archaeological and palaeontological sites
of Atapuerca contain some of the most exceptional
accumulations of human fossils and stone artifacts
from the Pleistocene (e.g. Carbonell et al., 1995;
Arsuaga et al., 1997; Bermúdez de Castro et al., 1997;
Martínez et al., 2004; Carbonell et al., 2008).
One of the largest cave complexes in the karst
system is Cueva Mayor-Cueva del Silo, which extends
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for 4 km and contains 3 karstic floors formed in
different chronological episodes. The upper level is the
longest, over 10 m wide and 15 m high, and attains
an elevation of 1036 m in the collapse sinkholes at
the entrance (Ortega Martínez, 2009). This upper floor
contains the two areas studied in this paper: Galería
de Estatuas and El Portalón (Fig. 1b).
The Galería de Estatuas is a subhorizontal gallery
with abundant formation of speleothems whose
modern-recent deposition is predominantly as laminartype flowstones and diffuse drips leading to extensive
development of stalactites and stalagmites that cover
the ceiling and floor of the cave, fossilizing an archaeopalaeontological Pleistocene record. There is also
evidence of Holocene human activity as shown by the
presence of storage pits (Ortega Martínez, 2009).
The El Portalón site is a natural entrance to the
upper level of the Cueva Mayor karst, making it
one of the key points for the existence and location
of an area of habitation inside Cueva Mayor. The
archaeostratigraphic succession identified spans from
the Upper Pleistocene (34.8 cal kyr BP) to the Middle
Ages. The main units differentiated in the El Portalón
site (Fig. 2) are from bottom to top (see Carretero et
al., 2008 for detailed dating):
• Unit 10 (Late Pleistocene) – This is the deepest
sedimentary unit and is nearly 4 m thick
(minimum observed thickness). It is divided into

12 sub-levels from P1 to P12. It is characterized
by an alternation of angular limestone clast
debritic layers, sandy clay layers and clay
layers. This unit contains abundant microfaunal
and macrofaunal remains (López-García et al.,
2010). Four small flint blades were recovered in
the P8 sub-level.
• Unit 9a (Holocene-Pleistocene transition) Consists of a 5 to 8 cm thick layer of bat guano
right below Unit 9. It represents the transition
from the Pleistocene (Unit 10) to the Holocene
(Unit 9) characterised by the absence of human
occupations in the site. This guano layer denotes
an interruption of the detritic sedimentation.
• Unit 9 (Neolithic and Mesolithic) – This is the
bottom part of the Holocene sequence and is a
homogenous blackish clayey layer with abundant
organic matter and charcoal fragments.
Subangular limestone clasts and blocks (10-20 cm)
are together with some rounded quartzite gravels.
It has an average thickness of 125 cm in the
south profile. At the base of this thick layer a
75-80 cm depth pit is excavated in underlying
units (9a and 10). Most of Unit 9 corresponds
to the Neolithic with handmade potshards,
macrofaunal remains, stone tools and bone tools.
At the base of this unit, Mesolithic chronologies
(8580 cal yr BP) were obtained from a charcoal

Fig. 1. A) Location of the Sierra de Atapuerca in the Iberian Peninsula (Modified from Ortega Martínez, 2009); B) Location of Galería de Estatuas
and El Portalón site at Cueva Mayor karst (Modified from G.E. Edelweiss).
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Fig. 2. Stratigraphic sketch of the South profile of El Portalón archaeological site. Black dots indicate the position of the samples for radiocarbon dating.

fragment (Carretero et al., 2008). This unit
indicates a large occupation during the Neolithic
and perhaps during the Mesolithic.
• Unit 7/8 (Chalcolithic) - These units are composed
of angular to subangular limestone clasts (15-20
cm) that increase in size downwards. The base
of this unit consists of large limestone blocks
from a roof collapse. Abundant human bones,
pottery and animal remains are present in this
unit. A large ceramic vessel with decorations of
pellets, a copper awl and the presence of two
goat skeletons on the two large flat stones at the
base, suggest the occurrence of burial activities
in the site during the Chalcolithic. It has a
maximum thickness of 200 cm.
• Unit 6 (Bronze Age-Chalcolithic transition) Consists of 30-35 cm of grey silty-clay with
abundant organic matter and charcoal. It
encloses many ash lenses in its lower half.
Potshards and animal bones are present.

• Unit 5 (Early Bronze Age) - Consists of greyish
sandy-clay with an average thickness of about
35 cm. Its lower part is rich in charcoal and
ash layers. There are abundant potshards and
domestic animal bones.
• Unit 4 (Early Bronze Age) - Consist of a homogeneous
layer of dark grey sandy-clay. It is 70 to 150 cm
thick. This unit contains abundant organic matter
and charcoal remains, with numerous large
limestone blocks resulting from a collapse of the
cave roof. Abundant hand-made potshards, stone
tools and animal bones are found in this unit.
• Unit 3 (Middle Bronze Age) - Consists of a thin
set of dark sandy-clay layers of about 16 cm
in thickness. Organic material is abundant
with abundant charcoal, hand-made pottery
fragments and bones of domestic and wild
animals (Clark et al., 1979).
• Unit 2 (Iron Age I) - Consists of dark clay organic
sediment of anthropogenic origin with abundant
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ash. Its maximum thickness is 30 cm. Hand-made
pottery was recovered in this unit (Clark et al., 1979).
• Unit 1 (Roman) - Dark grey clays with charcoal
fragments and intercalations of ashy layers.
It contains small limestone clasts and its
maximum thickness is 40 cm. Archaeological
artifacts include abundant potshards, including
Roman terra sigillata.
• Unit 0 (Medieval) - Corresponds to the first
15 to 68 cm of the top of the sequence and is
composed of brown silty deposits with charcoal,
bone and pottery fragments.
Paleoclimatic data for the Upper Palaeolithic,
Mesolithic and Neolithic cultural periods in the
hinterland of the Iberian Peninsula are scarce. The

available palaeoenvironmental data include the
isotopic record of some speleothems (Muñoz et al.,

2001; Muñoz-García, 2007; Domínguez-Villar, 2008;
Moreno et al., 2010; Martin-Chivelet et al., 2011) and
the pollen record of wetlands and archeological sites
(Peñalba et al., 1997; Gil García et al., 2001, 2002; Ruiz
Zapata et al., 2002, 2003a, 2003b, 2003c; Vegas et al.,
2003; Carrión, 2012). However, no work has been done
to compile and compare the different records.
The aim of this study is to correlate the
environmental signals from different proxies recorded
in the Cueva Mayor karst: the petrological record of
a stalagmite (Ilargi) from Galería de Estatuas and the
archaeological and palynological record of the detrital
sequence of El Portalón site, taking the time interval
in which their chronologies overlap.

MATERIAL AND METHODS
In the Galería de Estatuas, the study focused on
a stalagmite corresponding to the final phase of
speleothem precipitation. The speleothem development
is related to the microporosity of the host rock
(dolomitized limestones) without significant fissures
from which the dripping water might preferentially
flow. The floor of the cave is covered with stalagmites
of similar diameter (7-9 cm) and height (25-30 cm) that
grow upon the detritic endokarstic sediments. One of
these stalagmites (named Ilargi) was sampled to study
its petrological features and evolution. Ten thin sections
covering the entire stratigraphy of the stalagmite were
studied using the terminology proposed by Kendall &
Broughton (1978), Frisia et al. (2000, 2002) and Frisia
& Borsato (2010). The crystal fabrics of the speleothem
make it possible to reveal differences in the growth
rate, the dripping rate and the degree of carbonate
saturation during stalagmite formation. It was also
fundamental to discriminate diagenetic features,
allowing a correct interpretation of the chronological
data, growth rate and paleo-dripping information.
The thin-sections were obtained after cutting the
stalagmite with a diamond saw and were studied using
an OLYMPUS BH2 petrographic microscope equipped
with an Olympus DP10 digital photo system.
Several instrumental techniques were used to
characterize the mineralogy and geochemistry of
the different fabrics observed in the stalagmite.
Mineralogical characterization of the speleothem was

obtained by powder X-ray diffraction (PXRD) with a
PANalytical X´Pert Pro diffractrometer (X’Pert software
with ICDD database) at the SGIker researcher facilities
of the UPV/EHU. Micro-drilled samples from the
stalagmite were finely ground in an agate mortar,
mounted in silicon zero-background plates, and
processed using a continuous scan range of 2-80º
2θ with Cu Kα radiation, 40 kV, 40 mA, graphite
monochromator and an automatic slit. Scanning
electron microscopy (SEM) equipped with energy
dispersive X-ray analysis (EDS) was used to determine
the microtextural characteristics and semi-quantitative
composition of the fabrics defined by light microscopy.
Small chips from the key textural zones were attached
onto the surface of SEM brass stubs, graphite-coated
and examined using a JEOL JSM-7000F microscope.
For samples where a very intimate growth between
carbonate and detrital material occurs, a first step of
dissolution in 1 M HCl was performed to isolate the noncarbonate fraction of the speleothem. The solutions
obtained were thoroughly washed with Milli-Q water
to avoid calcium chloride precipitation, and then two
drops were poured over double-sided adhesive carbon
tape onto SEM carbon stubs.
Eight samples of 80 to 270 mg were drilled along
the longitudinal axis of Ilargi and prepared for U-Th
dating following the methodology described in Moreno
et al. (2010). Dates from U-Th decomposition were
obtained at the University of Minnesota using the
methodology described in Cheng et al. (2009) and Shen
et al. (2002) and measured with ICP-MS (ThermoFinnigan ELEMENT) or MC-ICP-MS (Thermo-Finnigan
Neptune). Details of the obtained dates, U contents,
and corrected initial δ 234U ratios are given in Table 1.
In addition, a 14C (AMS) age was obtained from a
charcoal fragment found inside the speleothem. The
analysis (Table 2) was performed in the Radiocarbon
Accelerator Unit of the University of Oxford (UK).
In the El Portalón archaeological site, the pollen study
was carried out on the sequence located in the south
profile of the excavation area. It is very well dated, based
on 27 14C (AMS) dating of charcoal and bone fragments
(Carretero et al., 2008). Pollen samples were taken
on the previously cleaned profile, using standardised
techniques for archaeological sites (López Sáez et al.,
2003). The pollen was extracted by chemical treatment
with acids (HCl and HF) and alkalis (KOH), based on
the standard protocol proposed by Coûteaux (1977),
Girard & Renault-Miskovsky (1969) and Moore et al.,
(1991), modified according to the specific requirements
of the lithology of each sample. The residue obtained
was then subjected to enrichment techniques,
concentrating the pollen grains by flotation in Thoulet
dense liquor (Goeury & Beaulieu, 1979). The data
obtained were statistically analysed and plotted using
the TILIA® and TILIA-GRAPH® software packages
(Grimm, 1987). The relative values of the tree, shrub
and grass taxa were obtained from the total absolute
values of each one. They refer to the total pollen base,
which does not include hydro-hygrophytic taxa and
non-pollen microfossils (NPMs), whose local nature
means that they might be over-represented. The relative
percentage of these palynomorphs in the total pollen
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Table 1. U-Th dating of the Ilargi stalagmite.
Sample ID

Weight

Deep (Cm)

g

238

U

232

ppb

Th

ppt

δ234U

[230Th/238U]

measureda

activityc

[230Th/232Th]
ppmd

Age

Age

δ234Uinitial

uncorrected

corrected c,e

corrected

-

2.5

0.2529

61

±0

761

±4

-23.2

± 8.0

0.03953

± 0.00167

52.1

± 2.2

4,506.40

±198.0

4,133

±271

-23.5

± 8.1

a

3.5

0.16

147

±1

924

±6

-14.7

± 3.7

0.02944

± 0.00086

77.5

± 2.3

3,307.50

± 98.4

3,122

±135

-14.8

± 3.7

b

4

0.1727

62

±0

535

±5

-21.3

± 6.1

0.03907

± 0.00154

74.9

± 3.0

4,443.00

± 180.8

4,187

±221

-21.5

± 6.2

-

6

0.1994

52

±0

2397

± 11

-29

± 5.6

0.09013

± 0.00258

32.2

± 0.9

10,628.30

± 326.1

9,233

± 771

-29.8

± 5.7

c

7.5

0.237

51

±0

1675

±7

-14.2

± 8.2

0.05525

± 0.00180

27.5

± 0.9

6,289.90

± 218.4

5,309

±537

-14.4

± 8.3

d

13

0.214

66

±0

880

±5

-29

± 5.2

0.05478

± 0.00146

68.2

± 1.8

6,333.90

± 177.8

5,936

±266

-29.5

± 5.3

e

15

0.3254

61

±0

1170

±5

3.6

± 3.5

0.11599

± 0.00162

100.2

± 1.4

13,391.60

± 205.2

12,837

±344

3.7

± 3.7

f

22

0.434

66

±0

1105

±4

12

± 9.2

0.12337

± 0.00222

121.2

± 2.1

14,173.00

± 305.7

13,689

±387

12.5

± 9.5

Analytical errors are 2σ of the mean.
a
δ234U = ([234U/238U]activity - 1) x 1000.
234
b
δ234Uinitial corrected was calculated based on 230Th age (T), i.e., δ234Uinitial = δ234Umeasured Xe δ *T, and T is corrected age.
230
230
234
c 230
238
- δ *T
234
230
230
234
-(δ
-δ )T
[ Th/ U]activity = 1 - e
+ (δ Umeasured/1000)[δ /(δ - δ )](1 - e
), where T is the age.
Decay constants are 9.1705 x 10-6 yr-1 for 230Th, 2.8221 x 10-6 yr-1 for 234U, and 1.55125 x 10-10 yr-1 for 238U.
d
The degree of detrital 230Th contamination is indicated by the [230Th/232Th] atomic ratio instead of the activity ratio.
e
Age corrections were calculated using an average crustal 230Th/232Th atomic ratio of 4.4 x 10-6 ± 2.2 x 10-6.
Those are the values for a material at secular equilibrium, with the crustal 232Th/238U value of 3.8. The errors are arbitrarily assumed to be 50%.
Table 2. Radiocarbon dating of a charcoal fragment from the Ilargi stalagmite. Calibrated age was calculated using IntCal09 Curve.
OxA

Sample

Material (species)

δ13C

Conventional radiocarbon age

Calibrated BP age (2σ )

charcoal

-23.26

6927 ± 37

7759 ± 81

Atapuerca - Estatuas, Spain
OxA-25074

ATA-ILARGI-2

was calculated. The pollen was zoned using a divisive
classification with the CONISS software (Grimm, 1987),
included in the TILIA® package. To make it easier to
read the pollen data, a synthetic pollen diagram was
created by grouping the most relevant taxa according
to their ecological affinities. A rarefaction analysis was
performed to determine biological diversity, (Birks &
Line, 1992; Foote, 1992; Heck et al., 1975; Odgaard,
1999), using the ANALYTIC RAREFACTION 1.3
program (Bronk Ramsey et al., 2002).

RESULTS
Stalagmite dating and growth rates
U-Th dating
Eight samples from the Ilargi stalagmite were dated.
Two of the dates were excluded from the age model as
outliers by the StalAge algorithm (Scholz & Hoffmann,
2011). These two anomalous points may result from
open system behaviour, as the petrographic analysis
suggests diagenesis in these portions of the stalagmite.
The six retained dates (“a” to “f”, Fig. 3) span over
much of the Holocene and the Upper Pleistocene
(Table I). The transition between the two periods is
indicated by an erosive surface marking a sedimentary
unconformity and a temporal hiatus.
Radiocarbon dating
A two-centimeter sized charcoal fragment, found
inside the Ilargi stalagmite some millimetres atop a
guano level (Fig. 4), was dated revealing an age of 7759
cal yr BP (Table 2). This date fits the dates obtained
from U-Th series (asterisk in Fig. 3).
Growth rates
The speleothem growth rate during the Upper
Pleistocene (13.7 – 12.8 kyr BP) is quite fast, around
62 µm/yr, and seems to be constant.

During the Holocene, the growth rate shows
significant variations. Between 7.7 and 5.9 kyr BP the
average growth rate is 6.6 µm/yr. Between 5.9 and 5.3
kyr BP, the faster growth rate is registered with 80 µm/
yr, and decreases to 30 µm/yr from 5.3 and 4.2 kyr BP.
The lower growth rate was registered between 4.2 and
3.1 kyr BP, with only 5 mm of calcite precipitation in
1000 years, 4.7 µm/yr. During the last 3000 years the
growth rate increased to 12 µm/yr.
Stalagmite growth and crystal fabrics
Throughout the Ilargi stalagmite, significant
differences in the crystal fabrics of growth laminae were
observed. These features make it possible to differentiate
four growth-stages, based on the mineralogy, type of
crystalline texture and distinct surfaces.
A basal interval (Unit I) is characterised by the presence of
a columnar calcite fabric (Fig. 5a) which consists of ordered
stacking of crystals with a length-to-width ratio lower than
6:1, straight boundaries, arranged perpendicular to the
substrate and elongated along the c axis. Competitive
growth phenomena are absent. The size of the crystallites
(Kendall & Broughton, 1978) is between 0.3-0.5 mm wide
and 1-3 mm long and they display a rhombohedral habit
with flat faces. Some spans are formed by a modified
open dendritic fabric (Fig. 5b) with crystals about 0.020.05 mm wide and 2-4 mm long, which in many cases
turn into columnar-microcrystalline texture with widths of
around 1-3 mm and lengths of around 15-22 mm.
In the upper end of the Unit I, an erosional surface
can be observed which significantly erodes the previous
calcite laminae (Fig. 5c) and creates an intercrystalline
porosity that is filled by a caramel-coloured mineral
precipitate of hydroxyapatite (Fig. 5d), resulting from
guano deposits covering the unconformity. On top of
this phosphatic layer appears a 0.5-2 mm micritic layer
that encloses tiny quartz grains and phyllosilicates
under 2 µm in size (Fig. 5d).
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Fig. 3. Different stratigraphical units in the Ilargi stalagmite and its growth rate. Letters “a” to ”f” indicate the position of the U/Th dating samples,
and asterisk (*) indicates the stratigraphic position of the dated carbon sample.

Fig. 4. Dated charcoal fragment found inside the Ilargi stalagmite.

Above the erosive surface, Unit II is characterised
by whisker crystals at its base, 0.5 mm wide and 1
mm long (Fig. 5e). The unit follows with open dendritic
crystals, sometimes embedded in a recrystallized
texture of mosaic crystals. The dendritic fabric consists
of branching polycrystals with high intercrystalline
porosity (Fig. 5e). Competitive growth phenomena over
the basal erosional surface are present. The habit of
the dendritic crystals is well-developed rhombohedral
with flat faces, 0.01-0.02 mm wide and 2.5-3 mm long,
and some of them present a recrystallization phase
forming large equidimensional crystals. The mosaic
fabric is composed of euhedral rhombohedric crystals,
with uniform patchy extinction. The size of these
crystals ranges from mm to a few cm. All replacement
calcite crystals contain ghosts of the original aragonite

texture (Fig. 5f). At the base of the Unit II, some
charcoal fragments have been found atop the erosive
unconformity (Fig. 4).
Finally, the upper interval (Unit III) shows an
alternation of white and dark-brown laminae. The
white laminae are typically 0.2 to 0.7 cm thick and are
composed of microcrystalline calcite (Fig. 5g). Calcite
laminae alternate with darker micritic and/or ash-rich
laminae (Fig. 5h), composed of aggregates of soot, which
sometimes have associated microscopic precipitates of
hydroxyapatite. The crystal habits that form both white
and dark laminae are about 10 µm wide and 0.3 mm
long. Several crystallites grow in optical continuity with
the substrate, thereby forming domains with uniform
to patchy extinction and interfingered boundaries,
roughly oriented perpendicular to the growth surface,
1-2 mm wide and 17 mm long (Fig. 5g).
The differences observed in crystal fabrics (according
to Frisia et al., 2000; 2002) have been related to
changes in the environmental conditions of formation
(drip rate, humidity, carbonate saturation, etc.). Unit
I, characterized by the presence of the columnar fabric
with some stretches of dendritic fabric, reflects stable
drip rates and low calcite saturation of dripping water,
typical of relatively wet conditions. The erosive surface
shows a dissolutional hiatus (Fig. 5d), with truncation
of underlying laminae, similar to the E-surface of
Railsback et al. (2011). Above the unconformity,
the presence of hydroxyapatite precipitate related to
guano also indicates a change in the environmental
conditions of the gallery. The presence of quartz
and clastic grains is related to the rapid passage of
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Fig. 5. Stalagmite growth and crystal fabrics under petrographic microscope (left) and SEM (right). a) Columnar fabric of sparitic calcite crystals. b)
Dendritic fabric of aragonite crystals. c) Erosional surface. The dark level corresponds to the guano phase covered by the micritic layer. d) Detail of the
erosional surface. Left: Micritic layer with quartz and phyllosilicates. Right: Local deposit of hydroxyapatite (HAp) over calcite crystals. e) Base of the Unit
II with whisker fabric and open dendritic fabric atop. f) Recrystallization of calcite crystals showing ghosts of the original dendritic texture. g) Alternation of
white and dark laminae composed of microcrystalline calcite fabric. h) Left: Detail of two ash-rich laminae. Right: Aggregates of soot carbon.

water through the soil, absence of vegetation and
enhanced flow sufficient to carry detrital particles to
the stalagmite (Railsback et al., 2011). This hiatus
between ~12 and ~8 kyr BP may indicate a period of
wetter climate with enhanced sub-saturated flow over
the stalagmite causing dissolution on the previously
precipitated carbonate, alternating with dry periods.
Growth of Ilargi´s recommenced around 8000 cal yr
BP with Unit II, which is characterized by an open
dendritic fabric, suggesting variable (generally low)
dripping rates, prolonged degasification periods
and fluctuating calcite saturation conditions. This
fabric reflects lower water availability than in Unit
I, indicating drier conditions. Unit III is composed
by microcrystaline fabric, indicating variable driprate and supersaturation index (in general relatively

low). So, drier conditions are suggested during the
formation of the youngest unit of Ilargi.
It must be stressed that fabric variations between
different units generally occur abruptly and sometimes
coincide with important erosion events or/and hiatuses.
Pollen spectra
The pollen record from the archaeo-stratigraphical
sequence of the El Portalón site shows a strong
contrast in the taxa between relatively open landscapes
in the Late Pleistocene and greater development of
woodlands throughout the Holocene (Fig. 6 and 7).
In the last samples from Pleistocene Unit 10, Pinus is
the predominant tree at a regional level; at a local scale
the most representative taxon is Corylus accompanied
by deciduous Quercus and evergreen Quercus. The
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alternation observed between mesophilous, riparian
and aquatic taxa –associated with a greater humidity–
and Asteraceae liguliflorae-tubuliflorae, Poaceae,
Chenopodiaceae, Artemisia, and Ephedra, which
are more xeric, indicate fluctuations of humidity
throughout the sequence. Bushes and shrubs,
which are sparsely represented, essentially consist
of Ericaceae, although more occasionally Rosaceae,
Calluna and Cistaceae have also been identified.
Above the erosive surface capped by the guano of
Unit 9a, indicative of an interruption in the detritic
sedimentation, the first Holocene sediments (Unit 9),
show a progressive recovery of the tree group, with
Pinus, as well as Corylus and riparian taxa, and finally
by an increase in Mediterranean taxa. A major decline
in xeric and steppe taxa can be observed. Nitrophilous
taxa, represented essentially by Plantago, appear
throughout the profile, associated with stages of
greatest humidity and warmth.
The angular blocks and clasts of limestone, without
detritic matrix and an outstanding absence of pollen
record, constituted Unit 7/8. After that, an increase
in Pinus, Corylus, Juglans, and Betula is observed. It
is worth highlighting the presence of river taxa and
Ericaceae (Unit 5).
The next units (3/4) are characterized by a decrease
in Pinus, Corylus and Nitrophilus taxa offset by increase
in Olea, Cupressaceae, and steppic non-tree taxa.

The sequence ends with an increase in Pinus, Corylus,
Quercus (deciduous and evergreen), Juniperus,
Ericaceae, and aquatic taxa, and a decrease in the
steppic taxa (units 1/2).

DISCUSSION
Despite the fragmentary nature of the stratigraphic
records from Galería de Estatuas (speleothem) and
El Portalón (detrital) it has been possible to establish
a palaeoenvironmental succession based on the
integration of the different environmental parameters
from both different proxies.
The comparison and integration of chronological dates
obtained from 14C (in the El Portalón site) and U/Th (Ilargi
stalagmite) allows the definition of a common chronological
framework. An important unconformity with an important
hiatus has been recorded in both records, between the
Upper Pleistocene to Holocene transition: ~12 to ~8 kyr
BP in Ilargi and ~20 ka, to ~7 kyr BP in El Portalón. The
presence of guano organic accumulation in both cases
covering the surface of the unconformity makes it possible
to use them as a broad-guide or correlation level, indicating
the upper Pleistocene and the upper-middle Holocene
boundary and the occurrence of significant environmental
changes at that time.
The Upper Pleistocene (~20 cal kyr BP) is represented
by a steppe phase of Chenopodiaceae and Artemisia,

Fig. 6. Detailed palynological diagram of El Portalón site (south profile) with the most relevant taxa studied in percentages.
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Fig. 7. Synthetic palynological diagram and rarefaction of the El Portalón site (south profile). The red dotted line marks the major sedimentary
hiatus found at this site in the Pleistocene-Holocene transition.

indicating a cold and dry period (Figs. 6 and 7). In
other neighbouring more complete pollen sequences,
such as the one at Quintanar de la Sierra, Burgos
(Peñalba et al., 1997), Sierra de Urbión, Soria (Ruiz
Zapata et al., 2002, 2003a, 2003b, 2003c, Vegas
et al., 2003) and Sierra de Cebollera, La Rioja (Gil
García et al., 2001, 2002) (Fig. 8), the pollen record is
characterised by fluctuating and increasingly extreme
climate conditions (Fig. 9).
At this time, in the Galería de Estatuas, formation of
the speleothem had not yet begun. These conditions
appear to evolve towards wetter and warmer ones
which led to the initiation of the Ilargi speleothem. The
columnar fabric of Unit I (Frisia et al., 2000; 2002 and
Frisia & Borsato, 2010) shows a constant dripping rate
between ~14 and ~13 kyr BP (Fig. 3) and coincides
with an increase in woodland (Pinus and Corylus),
and a sharp decrease in the xeric group in the pollen
record (Fig. 6 and 7). This increase in humidity and
temperature is also recorded in speleothems from the
Cantabrian margin (Moreno et al., 2010) and might
even have reflected climate conditions similar to
those of the present (Bølling-Allerød warming event,
Severinghaus & Brook, 1999).
The sedimentary record in the Cueva Mayor karst is
abruptly interrupted by an erosion surface affecting both
the archeological detritic record at El Portalón (Fig. 2)
and the chemical record of the Galería de Estatuas (Fig.
3). The erosional hiatus, fossilized by guano deposits in
both cavities, extends from 12.8 kyr to 7.7 cal kyr BP,
including the major climatic events of the beginning of
the Holocene such as the Younger Dryas and the 8.2
Event. The erosive event affects both the detrital and
the chemical sedimentation, and could be owing to a
decrease in the sedimentation rate in El Portalón and
erosion/dissolution by flooding or undersaturation of
the drip water in the Ilargi stalagmite. The appearance
of quartz and muscovite grains lining the erosive
hiatus of the Ilargi stalagmite (Fig. 5c), could point to

the occurrence of flooding event(s). This event would be
correlated with the outset of a warm and wet period that
started at 9 kyr BP, the Holocene Climate Optimum
that was punctuated by dry spells, such as the YD and
8.2 events. It is noteworthy that the early Holocene
erosive hiatus in Ilargi coincides with optimum rates of
stalagmite growth observed in the Cantabrian margin
(Stoll et al., 2013).
From 7.7 cal kyr BP and until nearly 5 kyr BP, the high
growth rate and the dendritic fabric of calcite crystals
of the Ilargi stalagmite during Unit II indicates that
the humidity from the climatic optimum continued

Fig. 8. Location of the neighbouring palynological and stalagmite
sequences. Modified from Martín-Chivelet et al. (2011).
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Fig. 9. Comparison between the palynological south profile of El Portalón site and the neighbouring sequences.

but with interspersed moments of either dripping
non carbonate precipitation (prolonged periods of
degasification and possible effect of evaporation) or
extremely slow dripping and oversaturation (Frisia et
al., 2000, 2002; Frisia & Borsato, 2010). The presence
of recrystallized crystalline fabrics (Fig. 5f) could be
related to moments of stoppage of calcite precipitation.
Accordingly, the pollen record from the El Portalón site
shows typical vegetation of relatively wet conditions,
with mesophilous and Mediterranean taxa, alternating
with drier conditions with a slight increase in xeric
taxa (Fig. 7). At these same chronologies, the first
Neolithic occupations have been identified in Unit 9 of
the El Portalón site (Fig. 6) (Carretero et al., 2008) with
cereal remains corresponding to the beginnings of the
agriculture in the area that probably benefited from a
more seasonal Mediterranean climate.
The environmental conditions became gradually
drier from 5 kyr BP onwards with a decline in the
growth rate of the Ilargi speleothem during Unit III.
A marked cyclicity is defined in the Unit III by the
alternation of microcrystalline and micritic laminae,
indicating drier periods (Frisia et al., 2000, 2002; Frisia
& Borsato, 2010). Eventually ash-rich laminae with
soot sedimented in the intercrystalline porosity appear
(Fig. 5h). These black soot laminae are interpreted as
being derived from man-made fires nearby. At this

time, there is evidence of intensive Iron Age occupation
and abundant anthropic fires in the El Portalón site
(e.g. fumiers) and presence of human activity in the
Galería de Estatuas with excavation of storage pits
(Ortega Martínez, 2009). The cyclicity corresponding
to a possible marked seasonality is inferred from the
repetition of the wet/dry sequences, which may be
annual or of longer duration; this issue is not possible
to establish more precisely with the available data.
The increase in dryness detected coincides with a
rapid climate change event, intense warming and
drying, in the middle Holocene (i.e. Yu et al., 1997).
The archeostratigraphical and pollen record of the El
Portalón site, however, enables a more detailed study
of this aridification phase. During the 5.2-3.3 cal kyr
BP interval, a certain stabilisation of the woodlands
can be observed with a complete cycle of flourishment
and decline of Pinus, offset by Cupressaceae, Corylus
and Quercus, and a very widespread non-tree xeric
group. Moreover, constant presence of riparian
and aquatic taxa has been recorded, evidencing the
presence of the Arlanzón river course in the vicinity
of the Sierra de Atapuerca. Towards the upper part
of Unit 3 of the El Portalón site (~4 cal kyr BP) there
is a major decline in the woodlands (at the expense
of Pinus as against Cupressaceae and Corylus), and
a slight increase both in nitrophilous and xeric taxa
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(Fig. 6 and 7). In the case of Atapuerca, this reduction
in the woodlands could possibly have been amplified
by anthrophication and consequent changes to the
regional landscape (deforestation and agriculture),
evidenced by a more intense human occupation of the
cave during the Bronze Age and the greater number
of ash-rich laminae in the Ilargi stalagmite. This
progressive environmental change to warmer and
drier conditions rapidly accelerates with a marked
decrease in the growth rate of the speleothem and a
thinner sedimentological record in the El Portalón site
(less than 1 m thick in the last 3.3 cal kyr BP, as
compared to the 5 m accumulated between 6.3 and
3.3 cal kyr BP).
Up to now, the only speleothem studies in the north
Iberian plateau begin in this age range (DomínguezVillar et al., 2008; Martín-Chivelet et al., 2011), so
a comparison between Ilargi and other speleothem
records is not possible beyond 4000 yr (Fig.10).
A stratigraphic-cultural hiatus affecting the Late
Bronze Age in the El Portalón site marks the onset of
Iron I age Unit 2 (Carretero et al., 2008) characterised
by a local tree landscape made up primarily of
Cupressaceae, and a relative decline in xeric taxa (Fig.
6 and 7). Finally, the archeostratigraphic record of
the El Portalón site ends with sporadic occupations
in early imperial and medieval moments from Units
2 and 1 (Carretero et al., 2008) (Fig. 2) that show an
increase of Pinus, Corylus, Quercus (deciduous and
evergreen), Juniperus, Ericaceae and aquatic taxa.

11

The integration of the studied speleothem and
archeostratigrapic-palinological
records
of
the
Cueva Mayor karst, makes it possible to identify and
characterize different climatic periods and to develop a
continuous temporal sequence during the Holocene and
Upper Pleistocene in the Sierra de Atapuerca (Fig. 11).

CONCLUSIONS
With regard to the palaeoenvironmental data
obtained from the Ilargi speleothem, the data obtained
from El Portalón excavations are of great importance
because of the scarcity of information regarding the
Upper Palaeolithic, Mesolithic and Neolithic cultural
periods in the interior of the Iberian Peninsula. The
time interval recorded in the Ilargi speleothem (~14
kyr BP – present) and in the pollen sequence of the
archaeological sediments of the El Portalón site (~20
– 2 cal kyr BP) overlap at ~14 – 2 kyr BP allowing
comparison of the different types of palaeoenvironmental
records to confirm the robustness of interpretations.
Integrating the pollen data and the petrographic
study of stalagmites shows that the latter may not
only provide palaeoenvironmental information on the
context in which they were formed, but may also record
evidence of human activity throughout cave systems.
Correlation and integration of the archeostratigraphic
and speleothem records establishes well-differentiated
palaeoclimatic intervals for the Sierra de Atapuerca
and surrounding areas.

Fig. 10. Comparison between the different fabrics and growth-rate of the Ilargi stalagmite and the most neighbouring stalagmites. Note the
distances from the bases are not to the same scale.
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Fig. 11. Synthesis diagram of the two records studied and compared in this work from the Cueva Mayor karst system of Atapuerca.

From the Upper Pleistocene (~20 cal kyr BP) we identify
a cold dry episode that appears to evolve towards wetter
and warmer conditions around 13.7 kyr BP that led to the
initiation of the Ilargi stalagmite. This increase in humidity
and temperature lasted until 12.8 kyr BP and might have
reflected climate conditions similar to those of the BøllingAllerød warm interval.
A major hiatus of at least 5 kyr represents the uppermost
Pleistocene and the onset of the Holocene (12.8 kyr-7.7 cal
kyr BP). This erosive episode, and the subsequent guano
deposits, includes both the Younger Dryas and the 8.2 Event.
From 7.7 cal kyr BP onwards, the existence of alternating
environmental conditions and human occupation in Cueva
Mayor are detected, both at the entrance (El Portalón site)
and in the interior of the karstic system (Galería de Estatuas).
The environmental conditions became significantly
drier around 4 cal kyr BP causing a reduction of woodland
and nitrophilous taxa and an increase in xeric taxa. This
circumstance could be amplified by the increasing and more
intense human occupation and agricultural activity during the
Bronze Age that was also recorded in the soot-rich laminae
derived from man-made fires in the studied stalagmite.
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Abstract:

Keywords:

Limestone (karst) surfaces in Hungary are rich in dolines, in which many endangered vascular
plant species occur. To date, the majority of studies dealing with doline vegetation have
focused on the local rather than the landscape level, without using comparative data from
other areas. However, in this study we aimed to compare the vegetation pattern and species
composition of dolines under different climate regimes of Hungary with regard to regional
species pools. The fieldwork was carried out between 2005 and 2012. Twenty dolines were
selected in the Mecsek Mountains (southern Hungary) and nine dolines in the Aggtelek Karst
area (northern Hungary). More than 900 vascular plants and more than 2000 plots were
included in the study. The moving split window (MSW) technique, nestedness analysis and
principal coordinates analysis (PCoA) were used to reveal the vegetation patterns in dolines.
Although we found remarkable differences between the species composition of the two
regions, dolines of both regions play a similar role in the preservation of different groups of
species. Many plants, in particular mountain species, are restricted to the bottom of dolines
where appropriate environmental conditions exist. In addition, depending on the doline
geometry, many species of drier and warmer forests have colonized the upper slopes and
rims. Thus, we can conclude that karst dolines of Hungary can be considered as reservoirs
for many vascular plant species, therefore they are particularly important from a conservation
point of view. Moreover, these dolines will likely become increasingly indispensable refugia for
biodiversity under future global warming.
Aggtelek Karst area; global warming; Mecsek Mountains; relict species; transects
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INTRODUCTION
Habitat destruction together with climate induced
species extinction and surface contamination are the
main threats to the biological and geological diversity
of karst surfaces (cf. Schilthuizen et al., 2005; Breg,
2007). Although karst ecosystems are usually diverse
and are very important in many aspects of ecological
research (e.g. Cardoso, 2012; Novak et al., 2012),
there are still many open questions about how karst
surfaces will change under future global warming.
Based on previous studies, we expect remarkable
differences between the role of subsurface cavities
(e.g. caves) and surface forms (e.g. dolines) in the
preservation of different groups of species. Caves and
wells serve as habitats for many subterranean species
*zbatory@gmail.com

(Culver et al., 1973; Culver & Sket, 2000; Dixon,
2011), while dolines may preserve relicts (Horvat,
1953; Stuckey, 1983; Bátori et al., 2009), mountain
species (Beck v. Mannagetta, 1906; Vojtkó, 1997;
Bátori et al., 2006), endemic species (Egli, 1991;
Barnard et al., 1998) and endemic plant communities
(Redžić et al., 2011). The biological literature contains
many excellent examples where dolines have been
mentioned as key habitats for scientifically important
plant species. From a biogeographical perspective,
for instance, Biebersteinia orphanidis (Peloponnisos,
Greece), Cerastium dinaricum (Dinarian Mountains,
Slovenia), Dracocephalum ruyschiana (Pešter plateau,
Serbia; Bükk Mountains, Hungary), Horstrissea
dolinicola (Crete, Greece), Pulsatilla vernalis (Julian Alps,
Slovenia) and Stachys alpina (Mecsek Mountais,
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Hungary) are especially good examples (Bartha, 1933;
Egli et al., 1990; Wraber, 1995; Yannitsaros et al., 1996;
Dakskobler et al., 2008; Bátori et al., 2009; Lazarević
et al., 2009). Since dolines harbour many vascular
plant species that are missing or are very rare in the
surrounding habitats, they can be considered habitat
islands (Bátori et al., 2012). The different amount of
solar radiation on the different parts of the slopes
has resulted in local environmental gradients (e.g. air
temperature, air humidity and soil moisture), which
in turn strongly influence the composition of flora and
vegetation on the slopes with different orientation at
the same altitude (Beck v. Mannagetta, 1906; Horvat,
1953; Gargano et al., 2010; Bátori et al., 2011). It
also means that a high species diversity within short
distances can be observed (Özkan et al., 2010).
While many studies on the ecological role of dolines
have focused mainly on local vegetation changes (e.g.
floristic composition and vegetation inversion) (e.g.
Lausi, 1964), relatively few studies have been designed
to evaluate the correspondences between the local
and regional flora (e.g. Egli, 1993). The relationship
between the local species pool (i.e., the flora of a
doline) and the regional species pool (i.e., the flora of
a karst surface) informs us about how dolines play a
role in the preservation of different groups of species.
Our aims were: to investigate how regional climate
influences the flora of dolines and their surroundings;
to investigate what correspondence can be detected
between the species composition of dolines and the
landscape; to examine how the vascular plant species
composition changes in different-sized dolines.

MATERIAL AND METHODS
Study regions and study sites
The fieldwork was carried out on a karst surface of 30
km2 in the Mecsek Mountains (southern Hungary), and
on a karst surface of 5 km2 in the Aggtelek Karst area
(northern Hungary) between 2005 and 2012 (Fig. 1).
On the karst surface of the Mecsek Mountains, there
are more than 2000 solution dolines located between
250 and 500 m above sea level. Most of them are
very small (diameter < 20 m). The average diameter is
between 20 and 40 m. The diameter of the largest doline
is over 200 m and its depth exceeds 30 m (Lovász,
1971). Due to these topographic differences, the
ecological conditions (e.g. soil moisture, air humidity)
of the dolines are highly variable (Bátori et al., 2011).
The average annual rainfall of the study region exceeds
700 mm. Due to the sub-Mediterranean climate, the
monthly maximum values during summer (77 mm in
both May and June) and autumn (72 mm in October).
The annual mean temperature is about 9.5 ºC, with
the highest mean temperature of 19.3 ºC in July.
Winters are moderately cold with a mean temperature
of -1.1 ºC between December and February (Ádám et
al., 1981; Marosi & Somogyi, 1990). The investigated
dolines are situated in the oak-hornbeam belt of
the mountain range, in the mosaics of Illyrian type
oak-hornbeam (Asperulo taurinae-Carpinetum) and
beech forests (Helleboro odori-Fagetum) with the age
of 70-110 years. The bottom of larger dolines is often

covered by fragments of ravine forests (Scutellario
altissimae-Aceretum) (Bátori et al., 2012). Some dry
grassland and hay meadow patches, moist habitats
and trampled places also occur both on the plateaus
and in the valleys of the study region.
Vecsembükk is a part of the Aggtelek Karst area
characterised by more than 150 solution dolines located
between 400 and 600 m above sea level. The average
doline size is much larger (80 to 100 m in diameter)
than in the Mecsek Mountains. The diameter of the
largest doline is over 350 m and its depth exceeds 50 m.
Average annual rainfall is more than 650 mm with the
monthly maximum during summer (85 mm in June).
Annual mean temperature is about 9.1 ºC, with the
highest mean temperature of 20.3 ºC in July. Due to
the continental climate, winters are cold with a mean
temperature of -2.5 ºC from December to February
(Ujvárosy, 1998). The investigated dolines are often
surrounded by 60-110 years old Central European
type oak-hornbeam (Carici pilosae-Carpinetum) and
beech forests (Melittio-Fagetum) consisting of some
high mountain plant species like Dryopteris expansa,
Polygonatum verticillatum or Rosa pendulina. Dolines
are often covered by scree forests (Mercuriali-Tilietum
and Tilio-Fraxinetum) or fragments of ravine forests
(Scolopendrio-Fraxinetum) (Vojtkó, 2003; 2004).
Sampling
Investigations were performed at two different
levels: (1) at the level of each doline and (2) at the
level of the karst surfaces. A total of 29 dolines were
studied: 20 in the Mecsek Mountains and 9 in the
Aggtelek Karst area. Dolines were selected randomly
from two size classes of dolines (diameter ≤ 100 m
and diameter > 100 m). Dolines ranked by diameter
are identified with capital letters from Am to Tm for the
Mecsek Mountains, and Aa to Ia for the Aggtelek Karst
area (Table 1).
Vascular plant species lists were compiled between
2005 and 2012 for 20 dolines (Am to Tm) of the Mecsek
Mountains and 8 dolines (Aa to Ca; Ea to Ia) of the
Aggtelek Karst area. Species data were collected
from early March to late October for the total area of
dolines. The total area included the area of the slopes
(where the slope angle was over 10°) and the area of
the rims, an approximately 1 to 5 m wide strip around

Fig. 1. Location of the study regions in Hungary.
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Table 1. Diameter and depth values and depth/diameter ratios of the studied dolines of the Mecsek Mountains (Am-Tm) and the
Aggtelek Karst area (Aa-Ia).
Dolines

Am

Bm

Cm

Dm

Em

Fm

Gm

Hm

Im

Jm

Km

Lm

Mm

diameter

5

8

10

15

20

20

25

40

60

60

70

70

75

depth (m)

0.5

2

2

3

4.5

3

5.5

10

11

11

14

14

11

depth/diameter

0.10

0.25

0.20

0.20

0.23

0.15

0.22

0.25

0.18

0.18

0.20

0.20

0.15

Nm

Om

Pm

Qm

Rm

Sm

Tm

Aa

Ba

Ca

Da

Ea

Fa

Ga

Ha

Ia

100

100

135

135

135

150

190

40

60

70

70

90

120

120

120

150

15

16

24

20

20

18

28

15

15

15

15

20

20

20

30

40

0.15

0.16

0.18

0.15

0.15

0.12

0.15

0.38

0.25

0.21

0.21

0.22

0.17

0.17

0.25

0.27

the smaller dolines, and an approximately 10 to 20 m
wide strip around the larger dolines where the slope
angle was less than 10°. Each doline was visited at
least 10 times during the investigation period. Finally,
a species list for both karst surfaces (Aggtelek Karst
area, Vecsembükk: 5 km2, Mecsek Mountains: 30
km2) was obtained from the database of the Central
European Flora Mapping Programme (CEU) and from
detailed field observations. During field studies, the
most typical habitat type of each species was also
recorded (i.e., the habitat preferred by a species in the
study regions).
Transects for sampling the herb layer were
established across the 20 dolines (Am to Tm) of the
Mecsek Mountains in a north-south direction,
passing through the deepest point of the depressions.
Transects begun and ended in the surrounding forests,
according to our former study (Bátori et al., 2012).
In the case of the Aggtelek Karst area, 4 dolines (Ba;
Da; Ea; Ga) were sampled with the same method. Each
transect consisted of a series of 1 m × 1 m contiguous
plots. Percentage cover of each vascular herb and tree
sapling was estimated visually in the plots. A total of
2220 plots were recorded.
The diameter and depth values of dolines were
also measured in both regions (without considering
the doline rim) (Table 1), from which depth/diameter
ratios were determined.
Species grouping
All vascular plant species found in the karst
surfaces were classified according to their coenological
preferences (Soó, 1980). Finally, 13 large groups of
species were established: (Sg1) species of dry oak forests
(e.g. Acer tataricum, Betonica officinalis, Quercus
cerris, Sorbus torminalis, Viola hirta), (Sg2) species of
mesic oak forests (e.g. Acer campestre, Convallaria
majalis, Galium schultesii, Ligustrum vulgare, Melica
uniflora), (Sg3) species of Central European beech
forests (e.g. Acer pseudoplatanus, Allium ursinum,
Carex pilosa, Fagus sylvatica, Milium effusum), (Sg4)
species of Illyrian beech forests (e.g. Asperula taurina
subsp. leucanthera, Helleborus odorus, Ruscus
aculeatus, Ruscus hypoglossum, Tamus communis),
(Sg5) species of deep ravines and gorges (e.g. Aruncus
dioicus, Asplenium scolopendrium, Lunaria rediviva,
Polystichum aculeatum, Silene dioica), (Sg6) species

of wet forests (e.g. Alnus glutinosa, Carex remota,
Chrysosplenium alternifolium, Festuca gigantea,
Salix alba), (Sg7) species of dry grasslands (e.g.
Achillea pannonica, Festuca rupicola, Fragaria viridis,
Salvia pratensis, Vicia angustifolia), (Sg8) species
of mesic hay meadows (e.g. Alopecurus pratensis,
Arrhenatherum elatius, Holcus lanatus, Pastinaca
sativa, Poa pratensis), (Sg9) species of marshes
(e.g. Carex acutiformis, Galium palustre, Lycopus
europaeus, Phragmites australis, Typha latifolia),
(Sg10) weeds (e.g. Ballota nigra, Capsella bursapastoris, Chenopodium album, Hordeum murinum, Poa
bulbosa), (Sg11) adventive species (e.g. Acer negundo,
Amorpha fruticosa, Ambrosia artemisiifolia, Quercus
rubra, Robinia pseudoacacia), (Sg12) indifferent species
(e.g. Achillea collina, Carex hirta, Coronilla varia,
Plantago media, Urtica dioica), (Sg13) species of other
habitats (e.g. species of acidic forests) (e.g. Betula
pendula, Castanea sativa, Luzula luzuloides, Lychnis
viscaria, Veronica officinalis) (Table 2). The group of
Sg5 together with other plant species of high altitudes
that are classed in various other groups are referred
to as „mountain” species throughout this paper.
Statistical analyses
The moving split window (MSW) technique (Webster,
1978), based on percent cover data, was used as
a quantitative identification of boundary location
along the transects (Fig. 2). This method calculates
dissimilarity coefficients between split windows by
moving a sampling unit from one end of a transect to
the other end. The complement of the Renkonen index
(DREN) was applied as the comparative function, since
it is sensitive to species composition changes (Zalatnai
& Körmöczi, 2004; Körmöczi, 2005). Significance of the
boundaries was tested using the z-score transformation:
where z is the z-score, di,k is the DREN at position i if
the half-window size is k, dexp,k is the overall mean of
DREN from randomized data for the half-window size k
(expected mean), and SDexp,k is the standard deviation of
the DREN values from the randomized data for the halfwindow size k. Random reference was made with plot
randomization and 1000 randomizations were done.
Z-scores were plotted against the window midpoint
position. In this profile, vegetation boundaries appear
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Fig. 2. Representative z-score profiles of transects in two dolines (Mm, Rm) of the Mecsek Mountains with the different doline parts (No. 1 and No. 2)
and morphological profiles.
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as peaks. Z-scores for each window midpoint position
were calculated from 1 to 5 half-window sizes for smaller
dolines and from 5 to 15 half-window sizes for larger
dolines. Z-scores above 1.85 were considered indicative
of significant (p < 0.05) boundaries (Körmöczi, 2011).
Positions where most of the z-score profiles were above
1.85 were considered real vegetation boundaries (Fig. 2).
MSW computations were done using the statistical
language R 2.10.1 (R Development Core Team, 2009).
Each transect was divided into two parts according
to the results of MSW (Fig. 2). The first part always
consisted of the bottom of the dolines and the lower
parts of the slopes (No. 1 in the profile), while the
second part consisted of the upper parts of the
slopes and the rims (No. 2 in the profile). Finally,
the proportions of the species groups (weighted by
species occurrences in the plots) of both parts were
calculated and used to assess the floristic differences
between them (Fig. 3, 4). In many cases, the species
composition of the upper doline slopes and the rims is
the same as (or very similar to) that of the surrounding

19

forests (cf. Bátori et al., 2012; Vojtkó, 2003), therefore
this division is appropriate to compare the vegetation
of the doline bottoms with that of their surroundings.
Principal coordinates analysis (PCoA), based on
presence-absence data and Euclidean distance, was
carried out to reveal the vegetation patterns in the
dolines (Fig. 5, 6). Vegetation types in the scatter plots
were identified according to the results of MSW and
field observations.
Species-area relations (Arrhenius, 1921) were
assessed for all plant species, as well as for the groups
of Sg1 and Sg2 (i.e., oak forest) species, Sg3 and Sg4
(i.e., beech forest) species and Sg5, Sg6 and Sg9 (i.e.,
cool-adapted) species (Fig. 7, 8). The Nestedness
Temperature Calculator (NTC) of Atmar & Patterson
(1993, 1995) was used to explore various features of
nestedness of the flora of dolines (http://aics-research.
com/nestedness/tempcalc.html). The degree of nestedness
of the presence/absence matrix was quantified by
using the matrix’s temperature (T) and by assessing
the statistical significance of nestedness. T ranges

Fig. 3. Proportions of the different species groups in the dolines of the Mecsek Mountains. White and black bars refer to the proportions of the 1st
and 2nd vegetation units, respectively.

Fig. 4. Proportions of the different species groups in the dolines of the Aggtelek Karst area. White and black bars refer to the proportions of the 1st
and 2nd vegetation units, respectively.
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Fig. 5. Representative PCoA scatter diagram for the plots of three
dolines (Em, Hm, Rm) of the Mecsek Mountains. Notation: 1. plots
of the beech forest (Helleboro odori-Fagetum) and oak-hornbeam
forest (Asperulo taurinae-Carpinetum) of doline Rm; 2. plots of the
beech forest and oak-hornbeam forest of doline Hm; 3. plots of the
beech forest and oak-hornbeam forest of doline Em; 4. plots of the
ravine forest (Scutellario altissimae-Aceretum) of doline Rm; 5:
plots of the ravine forest of doline Hm. Variance explained by the
first and second axes was 19.9% and 10.8%, respectively.

Fig. 6. Representative PCoA scatter diagram for the plots of three dolines
(Ba, Ea, Ga) of the Aggtelek Karst area. Notation: 1. plots of the beech
forest (Melittio-Fagetum) and oak-hornbeam forest (Carici pilosaeCarpinetum) of doline Ga; 2. plots of the beech forest and oak-hornbeam
forest of doline Ea; 3. plots of the beech forest and oak-hornbeam forest
of doline Ba; 4. plots of the scree forest (Mercuriali-Tilietum) of doline Ga;
5: plots of the ravine forest (Scolopendrio-Fraxinetum) of doline Ea; 6:
plots of the scree forest of doline Ba. Variance explained by the first and
second axes was 15.7% and 10.5%, respectively.

from 1 (cold) to 100 (hot), where 1 indicates the perfect
nestedness, and 100 indicates the complete disorder.
Since our matrix was not square (i.e., equal number
of rows and columns) and fill was less than 50%,
the matrix has been randomized using Monte Carlo
simulations by 500 times to get the average T of the
random matrices (Trand). Plant species that contributed
to the matrix disorder the most were also determined.
Plant species names were used according to Király
(2009).

Fig. 7. Relationship between doline area (log10transformed) and
species number (log10 transformed) for the vascular vegetation of the
Mecsek Mountains. Species-area lines were determined for all plant
species (A: y = 0.2491x + 0.9588, R = 0.9694) and for the groups
of beech forest species (B: y = 0.1819x + 0.9247, R = 0.9506), oak
forest species (C: y = 0.273x − 0.4083, R = 0.8789) and cool-adapted
species (D: y = 0.6507x − 1.8830, R = 0.9405).

Fig. 8. Relationship between doline area (log10transformed) and
species number (log10 transformed) for the vascular vegetation of the
Aggtelek Karst area. Species-area lines were determined for all plant
species (A: y = 0.1926x + 1.1463, R = 0.8590) and for the groups of
beech forest species (B: y = 0.1614x + 0.9524, R = 0.8698).

RESULTS
The species composition of the karst surface in the
Mecsek Mountains (30 km2) was rather diverse (Table 2)
with a total of 750 vascular plant species from 13 species
groups. Many of the forests were dominated by Sg2, Sg3
and Sg4 species, while Sg1 species occurred mainly
on warm, south-facing slopes and Sg6 species in
cool and moist habitats (e.g. valleys and dolines).
Sg7 species were dominant on rocky outcrops and
in dry grasslands, Sg8 species in meadows and Sg9
species in small lakes and marshes. Sg10 and Sg11
species inhabited the roadsides, the plantations
and other disturbed places of the karst surface. Sg5
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Table 2. Proportions of the species groups and total number of plants in the dolines of the Mecsek Mountains (Am-Tm) and in the Aggtelek Karst
area (Aa-Ia). Framed rectangles indicate the highest proportions. Abbreviations: Srm: study region of the Mecsek Mountains (30 km2); Sra: study
region of the Aggtelek Karst area (5 km2); tns: total number of species.
Sg1
Am
Bm

7.7

Cm

Sg2

Sg3

Sg4

17.2

72.4

10.3

43.6

30.8

15.4

2.6

39

24.1

58.6

13.8

3.4

29

Sg5

Sg6

Sg7

Sg8

Sg9

Sg10

Sg11

Sg12

Sg13

tns.
29

Dm

6.5

35.5

48.4

9.7

Em

2.7

35.1

54.1

5.4

38.0

56.0

6.0

50
46

Fm
Gm

2.2

26.1

63.0

8.7

Hm

4.6

26.2

50.8

7.7

Im

2.7

34.7

38.7

10.7

Jm

2.7

36.0

40.0

6.7

Km

5.5

31.5

46.6

6.8

Lm

3.8

35.0

42.5

Mm

1.4

28.2

Nm

3.8

Om

31
2.7

37

3.1

4.6

2.7

2.7

4.0

2.7

6.7

2.7

1.4

2.7

2.7

73

8.8

1.3

2.5

3.8

2.5

80

53.5

7.0

1.4

4.2

2.8

1.4

71

27.4

35.8

11.3

1.9

3.8

2.2

32.6

44.6

7.6

1.1

5.4

2.2

4.3

92

Pm

6.0

31.0

42.0

8.0

2.0

5.0

2.0

4.0

100

Qm

4.2

27.4

41.1

9.5

2.1

5.3

4.2

1.1

4.2

Rm

2.9

27.2

43.7

7.8

2.9

6.8

1.9

1.0

4.9

103

Sm

7.4

32.0

30.3

10.7

1.6

4.9

4.1

0.8

8.2

122

Tm

8.6

30.3

30.3

8.6

3.9

2.6

0.7

1.3

4.6

1.3

6.6

1.3

152

Srm

9.7

10.9

9.5

2.1

1.5

3.9

11.9

6.9

14.3

7.1

14.0

2.4

750

28.3

49.1

9.4

3.8

Aa

2.7

0.9

1.9

1.0

5.9

1.4

3.8

1.3

1.9

3.1

65

4.0

75

6.6

1.3

0.9

1.1

75

106

95

3.8

5.7

53

4.1

4.1

73

Ba

1.4

37.0

47.9

4.1

Ca

1.5

32.8

53.7

3.0

1.5

3.0

4.5

67

Ea

20.9

55.2

10.4

3.0

4.5

6.0

67

Fa

33.3

54.8

4.8

3.6

3.6

84

2.9

102

1.3

80

2.3

87

11.8

552

Ga

7.8

45.1

37.3

2.9

3.9

Ha

2.5

42.5

46.3

2.5

3.8

42.5

48.3

3.4

3.4

16.5

13.4

1.6

Ia
Sra

12.0

1.8

species such as Aconitum vulparia, Actaea spicata,
Aruncus dioicus, Asplenium scolopendrium, Asplenium
trichomanes, Cystopteris fragilis, Dryopteris affinis,
Lunaria rediviva, Polystichum aculeatum, Polystichum
× bicknelli, and Silene dioica were restricted mainly
to mountain “islands” (e.g. doline bottoms and deep
valleys) within the “ocean” of oak-hornbeam and beech
forests. Only a few of the mountain species (Daphne
mezereum, Luzula pilosa, and Stachys alpina (Sg3))
occurred also in the forests surrounding dolines.
Sg4 and Sg13 species were absent from the flora
of the investigated karst surface of the Aggtelek
Karst area (5 km2), therefore its 552 vascular plants
belonged to 11 species groups (Table 2). Similar to
the study region of the Mecsek Mountains, Sg2 and

18.3

7.4

3.3

11.4

1.3

2.5

Sg3 species played an important role in structuring
forest communities. Sg7, Sg8, Sg9, Sg10 and Sg11 species
occupied similar habitats as in the Mecsek Mountains.
Sg5 species (Adoxa moschatellina, Arabis turrita,
Asplenium scolopendrium, Asplenium trichomanes,
Cystopteris fragilis, Festuca altissima, Lunaria rediviva,
Polypodium interjectum, and Ribes alpinum) primarily
occurred within the deep and rocky dolines of the karst
surface. The number of other mountain species (Carex
brevicollis (Sg1), Actaea spicata, Astrantia major, Daphne
mezereum, Dryopteris dilatata, Dryopteris expansa,
Polygonatum verticillatum, Prenanthes purpurea, Rosa
pendulina, and Senecio ovatus (Sg3)) occurring also on
the plateaus among dolines, was much higher than in
the Mecsek Mountains.
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Species composition changed markedly depending
on the size of dolines (Table 2). In the small and
shallow dolines (Am to Gm), only species belonging to
Sg1, Sg2, Sg3, Sg4 and Sg12 were found. In the case of
larger and deeper dolines (Hm to Mm), the spectra were
wider, and several species of other groups, especially
of Sg5 and Sg6, were found (see Fig. 9). The large
dolines (Nm to Tm) contained the highest number of
species groups with the highest proportions of Sg5,
Sg6, Sg7, Sg8, Sg9 and Sg12 species. In contrast, many
Sg5, Sg10 and Sg12 species occurred in the dolines of
the Aggtelek Karst area, independently of the doline
diameter. Moreover, in most cases, the proportion of
Sg5 species was much higher in the Aggtelek Karst
area with the maximum of 10.4% occurring in doline
Ea as compared with that of the Mecsek Mountains,
where the maximum (3.9%) occurred in the largest
doline. In all cases, Sg2 and Sg3 species had higher
proportions in dolines than in the total flora of the
karst surfaces. It is important to note that larger
dolines of both regions hold many Sg5 and Sg6 species
that are restricted mainly to them.
Results of the MSW analysis indicated the presence
of more vegetation units (i.e., No. 1 and No. 2 in the
profiles) in dolines Fm to Tm and Ba, Da, Ea and Ga. In
contrast, in the case of Am to Em no significant differences
were found along the transects. In all but the Fm doline,
Sg1, Sg2 and Sg4 species (if they occurred in the doline)
had a higher proportion in the 2nd unit than in the 1st
unit; however, in most cases Sg3 and Sg12 showed the
reverse distribution (Fig. 3, 4). From a floristic point of
view, the 1st unit showed a marked mountain character
due to the occurrence of numerous Sg5 and Sg6 species.
When all vascular plants were taken into
consideration, the correlation between species number
(log10transformed) and doline area (log10transformed)

was positive and significant (R = 0.97, P < 0.001 in the
Mecsek Mountains and R = 0.86, P < 0.01 in the Aggtelek
Karst area). This relationship was also significant when
the oak forest species (R = 0.88, P < 0.001), beech forest
species (R = 0.95, P < 0.001) and cool-adapted species
(R = 0.94, P < 0.001) of the Mecsek Mountains and the
beech forest species (R = 0.87, P < 0.005) of the Aggtelek
Karst area were considered (Fig. 7, 8). However, no such
significant correlation was established for cool-adapted
species and oak forest species in the Aggtelek Karst
area. The slope of the species-area curves (z-values)
for all vascular plant species was 0.25 in the Mecsek
Mountains and 0.19 in the Aggtelek Karst area, while
the slope was higher for oak forest species (z = 0.27)
and cool-adapted species (z = 0.65) in the Mecsek
Mountains. The slope was relatively low in the case of
beech forest species for both regions (z = 0.18 in the
Mecsek Mountains; z = 0.16 in the Aggtelek Karst area).
The distribution of plant species in the dolines was
significantly nested for both regions: T = 14.08°, Trand =
71.38°, SD = 1.96°, P < 0.001 in the Mecsek Mountains;
T = 35.32°, Trand = 56.54°, SD = 3.11°, P < 0.001 in the
Aggtelek Karst area. Species that contributed greatest
to the matrix disorder include: Fraxinus excelsior, Tilia
cordata (Sg2), Acer platanoides, Allium ursinum, Arum
maculatum, Euphorbia amygdaloides, Galanthus
nivalis, Hepatica nobilis, Mercurialis perennis (Sg3) and
Ruscus hypoglossum (Sg4) in the Mecsek Mountains;
Melica nutans (Sg2), Daphne mezereum, Lathraea
squamaria, Ribes uva-crispa, Stachys sylvatica (Sg3),
Asplenium scolopendrium, Lunaria rediviva (Sg5),
Circaea lutetiana, Dryopteris carthusiana (Sg6), and
Sambucus nigra (Sg12) in the Aggtelek Karst area.
PCoA showed that the vegetation of smaller dolines
of the Mecsek Mountains was very similar to that of
upper slopes of larger ones (a representative sample is

Fig. 9. The species composition of the Im doline (a representative sample) along the transect divided into two parts (doline bottom: No. 1, upper
slopes and rim: No. 2) by the moving split window (MSW) technique. Species names of deep ravines and gorges (Sg5) and wet forests (Sg6) are in
bold and species names of dry oak forests (Sg1) and mesic oak forests (Sg2) are underlined.
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shown in Fig. 5). The length of the gradient along the
1st axis was the longest in the largest doline and the
slopes were covered by different types of forests. Plots
of the ravine forests were on the left side of the scatter
in the given sample. However, the plots of beech
forests and oak-hornbeam forests were not separated
from each other. Despite the relatively high depth/
diameter ratios of some smaller dolines (e.g. Bm: 0.25;
Em: 0.23), they did not contain vegetation types that
were not present in larger dolines. In contrast, as the
representative sample shows (Fig. 6), ordination of the
plots of the Aggtelek Karst area indicated a different
pattern. Plots of Ea at one end of the gradient showed
a relatively distinct vegetation type that was absent
from larger dolines and was identified as ravine forest
in the field. However, scree forest was absent from this
doline. Similarly to the Mecsek Mountains, the length
of the gradient along the 1st axis was the longest in the
largest doline.

DISCUSSION
Humanity is rapidly destroying habitats that are
natural, species-rich and are an important source of
knowledge about life-history evolution (Pimm & Raven,
2000). In addition, another adverse factor is the effect
of climate change caused by global warming, which
has caused distributional shifts towards the poles or
higher altitudes accompanied by various behavioural
changes in the case of several species (Walther et
al., 2002; Erschbamer et al., 2011). However, many
species choose other possible migration routes
restricting their distribution to sheltered sites such
as dolines, fens, ponds, valleys and other cold and
humid places (Schindler et al., 1996; Kochjarová et
al., 1997; Bátori et al., 2012).
Our study yielded three main results. First, the
investigated dolines can be recognized as refugia for
many vascular plant species. Second, doline geometry
significantly influences the distribution of plant
species. Third, species preservation in the dolines is
not influenced by the type of regional climate.
The role of dolines in preserving different kinds of
species is well-known (Horvat, 1953; Özkan et al., 2010;
Bátori et al., 2011), although species preservation is
significantly influenced by many factors (Geiger, 1950;
Lehmann, 1970; Favretto & Poldini, 1985; Whiteman
et al., 2004). Our study revealed that dolines of both
investigated regions provide good habitat for many
species adapted to different temperature and moisture
regimes. According to the results of the MSW analysis,
vegetation of smaller dolines of the Mecsek Mountains
does not change substantially along the transects,
however, the slopes of larger dolines of both regions
contain more vegetation units with their own species.
When all plant species of the dolines are considered,
the z-values (z = 0.25 and z = 0.19, respectively) are
in good agreement with those obtained previously
for oceanic and habitat islands (Begon et al., 2006).
Our results suggest that the larger dolines of the
Mecsek Mountains have much greater impact on the
distribution of oak forest species than the smaller
ones. Larger dolines have larger south-facing slopes,
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which allow increased insolation during daytime. The
species-area curve for oak forest species (z = 0.27)
is much steeper than that for beech forest species
(z = 0.18 in the Mecsek Mountains; z = 0.16 in the
Aggtelek Karst area). This means that, for beech
forest species, dolines serve as island-like habitats
to a lesser degree than for oak forest species (cf.
Rockwood, 2006). We did not find linear correlation
between the number of oak forest species and doline
area in the Aggtelek Karst area. This is due to the fact
that some dolines of this region have vertical rocky
walls, which modify the effects of solar insolation on
species preservation of the south-facing slopes. In our
former study (Bátori et al., 2012), we reported that larger
dolines of the Mecsek Mountains act as refugia for many
cool-adapted plants of the summer flora. If considering
the steepness of the species-area curve of cool-adapted
species in the Mecsek Mountains (z = 0.65), we can
conclude that larger dolines play an essential role in
preserving many plant species that are particularly
vulnerable to climatic change. This is due to the
linear relation between doline diameter and depth,
which results in lower temperatures in larger dolines.
As the multivariate analyses (MSW, PCoA) and field
observations revealed, larger dolines of this region
always contain the vegetation types of the smaller
dolines. However, cool-adapted species and vegetation
types of the Aggtelek Karst area show a very different
pattern. Although vascular plant assemblages are
significantly nested in both regions, we should always
take into consideration those species that appeared in
unexpected places (Atmar & Patterson, 1993; Heino
et al., 2009). For example, many idiosyncratic species
of the Aggtelek Karst area belong to the groups of Sg5
and Sg6, highlighting the role of some smaller dolines
as refugia. The smallest doline of this region (Aa)
contains much more cool-adapted species than some
larger ones (e.g. Ga and Ha). This can be explained
by the geometry, because this doline is deep relative
to its width (depth/diameter ratio is 0.38) and, in
addition, has rocky walls. The steep slopes of some
smaller dolines are covered by ravine forests, which
vegetation type is absent from many large dolines of
this region.
Both investigated regions are rich in habitats
and plant species. Oak-hornbeam and beech forest
communities dominate most of the plateaus and
hill slopes (Jakucs & Jurko, 1967; Kevey & Borhidi,
1998), ecologically connecting the numerous dolines
scattered in these forests. However, the proportion of
different types of species differs markedly between the
karst surfaces and individual dolines. The different
regional climates of the two regions studied resulted in
different species pools from which local communities
are drawn (cf. Pärtel et al., 1996). This is in good
agreement with the results of former studies, which
revealed that many plant species have a high degree
of range equilibrium with actual climate (Webb, 1986;
Prentice et al., 1991). Considering our study regions,
Sg4 species play an important role in structuring plant
communities of the Mecsek Mountains, but they are
absent from the study region of the Aggtelek Karst
area, although some Illyrian species do occur in other
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parts of the Aggtelek Karst area. Obviously, these
differences are somewhat understandable if we try to
identify and clarify the late glacial and post-glacial
evolution of the Carpathian Basin. Investigation of
loess profiles, lake sediments and archaeological
sites in different parts of the Carpathian Basin
revealed that between ca. 32000 and 16000 years
BP recurring boreal forest-steppe characterised the
area (Willis et al., 1998; Rudner & Sümegi, 2001).
After the Younger Dryas (III) (ca. 11000 BP), warming
with increasing summer insolation allowed species
to expand northward, mainly from the Balkan
Peninsula. In the Boreal and Atlantic phases of the
Holocene, the limestone flora of Hungary became more
diverse with many vascular plant species migrating
from the south. After the Holocene climate optimum
(ca. 5000 BP), when the climate became cooler, many
warm-adapted plants of northern Hungary have been
forced into refugia (e.g. south-facing rocky outcrops),
but the Mecsek Mountains and its surroundings
preserved its sub-Mediterranean character (Borhidi,
2006). Under the present-day climate regime of the
Aggtelek Karst area, mountain elements could occupy
the karst surface at two levels. First, many mountain
species (e.g. Daphne mezereum, Polygonatum
verticillatum) occur in all favourable habitats, both
on plateaus among dolines and in dolines; second,
other mountain plants (e.g. Lunaria rediviva, Ribes
alpinum) are restricted mainly to rocky dolines (see
Fig. 4.). In contrast, due to the warmer climate,
mountain species of the Mecsek Mountains occur
mainly in dolines (see Fig. 3.) and in deep valleys
(cf. Kevey, 1997). However, dolines of both regions
play the same role in the preservation of vascular
plant species. Since larger dolines of both regions
were formed in the Pleistocene (Hoyk, 1999; Telbisz
& Ádám, 2011), they might play an important role as
refugia for many vascular plants in different periods
of geologic time, highlighting the dolines as target
objects for vegetation history studies. For example,
Stachys alpina, a cold-stage relict of the Mecsek
Mountains (Simon, 2000), might have survived
in the bottom of larger dolines during periods of
unfavourable conditions (e.g. in the Atlantic phase
of Holocene).
Our results suggest that the effects of doline
geometry on temperature inversion strength, latitude,
rockiness, vegetation cover and vegetation history
exert a major impact on plant growth and survival
in dolines. We can conclude that karst dolines of
Hungary can be considered as potential refugia for
many vascular plant species under future global
warming, therefore they are particularly important
from a conservation point of view. Due to the recent
increases in the degradation of doline vegetation (e.g.
deforestation, overgrazing) in some areas of Hungary
(Bárány-Kevei, 2011), there is a pressing need to
focus conservation efforts on the preservation of the
valuable flora of dolines. The classification of species
presented in this paper will be used to prioritize
species groups on which to focus management and
to identify those environmental factors which require
further studies.
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Abstract:
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Osówka (Germ. Säuferhöhen), is one of the elements of the unfinished Nazi military complex
called “Riese”. The total length of corridors of Osówka complex is about 1,700 m and its
capacity amounts to 30,000 m3. As described geologically, Osówka is situated within the Sowie
Mts. Massif which consists mostly of various gneisses with different structural characteristics,
but with a constant mineral composition. The rock-forming minerals are feldspar (oligoclase),
quartz, biotite and light micas, accesory minerals are garnet, sillimanite and dysten. Finegrained shallow-sea deposits were probably a protolith of these rocks. The study aimed at first
mycological evaluation of the air and the rocks in Osówka adit. The air samples were taken
from one location outside the adit and from four locations inside of it. Mycological evaluation
of the rocks inside the adit was performed using three different methods. Fifteen taxa of
filamentous fungi were isolated from the internal air sampled, and several taxa - from the
outside of the adit, whereas only eleven species were isolated from the rocks. Cladosporium
spp. were the fungi most frequently isolated from internal atmosphere of the underground
Osówka complex, and from the external air. On the other hand, the fungi most frequently
isolated from the rocks were Aspergillus niger group (when using swab sampling procedure)
and Mucor spp. (from debris and rinse sampling procedure).
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INTRODUCTION
In cavern habitats, fungal habitats generally function
as parasites or decomposers. Fungi that can be cultured
from materials sampled in caves may not grow in the
cave environment, but are present regularly or rarely
as spores, carried in by water, air currents, animals,
and humans (Chelius et al., 2009; Vanderwolf et al.,
2013). The cave mycobiota are very important in cave
and underground ecology because fungi and bacteria
probably constitute the major food source for other
organisms (Sustr et al., 2005; Walochnik & Mulec, 2009;
Bastian et al., 2010). Mycobiota can secrete secondary
metabolites, they may cause chemical reactions with the
substrate and contaminate the substrate by pigments
(Gu, 2003; Li et al., 2008) They may, for instance, cause
lithogenic processes, inter alia the speleothem deposition
or cavern enlargement (Engel et al., 2004; Cañaveras et
*wojciech.pusz@up.wroc.pl

al., 2006) as well as litholitic processes (Mulec, 2008).
Evidence of the microbial activity in a cave are, among
others, dots on the cave surfaces, unusual coloration of
speleothems, precipitates, corrosion residues, structural
changes and the presence of biofilms (Barton, 2006).
Cave mycobiota are sensitive to changes in organic
factors from external sources (Chelius et al., 2009).
Therefore this kind of investigation in the undergrounds
created by humans is particularly important as it allows
recognizing factors that could affect other parts of a
cave or underground ecosystems. Presence of tourists
in caves or undergrounds exerts influence and results
in changes to the microclimate, the biogeochemistry
and the balance of organic matter. It may thus have
a huge impact on the autochthonous microbial
communities like fungi. Frequent visits are therefore
always undesirable and such ecosystems should be
monitored with respect to the microorganisms present
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in all parts of a cave or undergrounds. The identification
of reservoirs of potentially pathogenic fungi and the
elucidation of the distribution of these communities
and their components are important to prevent health
problems in tourists (Fernández-Cortés et al., 2011,
Saíz-Jiménez, 2012).
In our work we are using, for the first time, the
term “speleomycology” as a name for all kinds of
investigation which aim at the recognition of cave
and undergrounds mycobiota. The study aimed at
first mycological evaluation of the air and the rocks
in underground Osówka complex in Sowie Mountains
(Lower Silesia, Poland).

DESCRIPTION OF THE STUDIED AREA
“Osówka” (Germ. Säuferhöhen) is one of the elements
of the unfinished Nazi military complex called “Riese”.
This set of (mostly) underground objects was built
between 1943–1945 in the Sowie Mts. (Lower Silesia,
SW Poland). Its allocation still remains unclear.
The German command gave it a code notation “S3”
referring to the main headquarters and production
centres of special weapons (retaliation weapons –
“Verweltungswaffen” and so-called wonder-weapons –
“Wunderwaffen”). Supervision staff of the works were
German miners and experts from Italy, Ukraine and
the Czech Republic, whereas the main man working
power were prisoners of Gross Rosen concentration
camp – many thousands of them died during the
works (Kosmaty, 2006).
The underground workings were driven with
nitroglycerin explosives. Halls were built in several
stages. At first two galleries – upper and lower – were
shafted separately. The first of these was widened to
the final size, an arched ceiling was constructed and
the gallery was concreted eventually. Both drifts were
linked by number of small auxiliary shafts for material
winding. The lower gallery was widened and the rock
beam between drifts was removed then. Finally the
lower parts of walls of a hall created in this way were
protected by concrete support (Kosmaty, 2006).
“Riese” consists of 7 objects; Osówka is one of the
largest. The individual objects are large groups of
underground workings (adits, tunnels and halls) of a
characteristic regular network system and ventilation
shafts (Sienicka & Zagożdżon, 2010).
Total length of corridors of Osówka complex is
about 1,700 m and its capacity amounts to 30,000 m3.
Adits and tunnels are 2.5–4.5 m wide and 2–4.5 m
high. The width of the halls is about 6–7 m and their
height of 8 m, whereas their length reaches 50 m.
The elaboration of individual underground workings
had stopped at different stages, thus some halls are
completed and fully protected by a concrete support,
while some of the others are abandoned in the early
stages of construction.
Geologically, Osówka is situated within the Sowie
Mts. Massif which consists mostly of various gneisses
with different structural characteristics, but with
fairly a constant mineral composition. The rockforming minerals are feldspar (oligoclase), quartz,
biotite and light micas, accesory minerals are garnet,

sillimanite and dysten. Fine-grained shallow-sea
deposits were probably a protolith of these rocks.
They have undergone several stages of tectonic and
metamorphic evolution (Kryza, 1981; Żelaźniewicz,
1987). Protolith age is determined as Late Riphean
to – perhaps - Middle Cambrian (Gunia, 1985), i.e.
about 800 – 520 Ma. Metamorphic processes occurred
mainly around 384 – 370 Ma (Żelaźniewicz, 2003).
In some places high-grade metamorphism caused
the rise of secondary, so-called reomorphic magmas.
These magmas moved upward and formed granite
and pegmatite veins within the gneiss around 380 Ma
ago (Marheine et al., 2002; Żelaźniewicz, 1987).
Only silicate rocks occur in Osówka. A gray biotite,
medium-blastic gneiss is a predominant type of rock, it
makes approximately more than 95% of the whole rock
mass (Fig. 1). Besides, dark fine-blastic or aphanitic
gneisses, transition varieties of gneisses and highly
shattered migmatitic gneiss, occurring near the larger
zones of dislocation, are found. All these rocks are same
in mineral composition – they are dominated by feldspar,
about 35% of the rock volume is biotite, and quartz as
well as a rare muscovite are found in them. Veins of
reomorphic granites occur fairly frequently in this object.
A number of faults of different scale can be observed
here. Wide fault zones are filled with clayey fault flour.
Secondary mineralization of quartz and iron oxides
and hydroxides is spatially connected with some of
the faults (Sienicka & Zagożdżon, 2010).

Fig. 1. Geological map of the tourist route in Osówka adit (the
occurrences of quartz (Q), pegmatite (P) and mineralization (M) are
marked, description of mining workings: K – halls, G, J, p – drifts) and
sampling location: I - near the entrance, II - guard-house, III – hall, IV
- ventilation shaft, V - exhibition hall (own study based on Sienicka &
Zagożdżon, 2010).
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Fungi in Osówka Complex (Lower Silesia, Poland)

MATERIAL AND METHODS

The samples were taken on the 28th June 2013 from one
location outside the adit, near the entrance (air), and from
four locations inside (air, rock, debris), that are referred
to as: guard-house, hall, ventilation shaft, exhibition hall
(see Fig. 1). The air temperature and relative humidity
were measured using thermohygrometer LB-522 (LABEL). The carbon dioxide was measured using carbon
dioxide meter pSense RH (Gazex). Humidity of rocks was
measured with hygrometer Testo 606-1 (Testo) and speed
of wind - by Aerometer Testo 410-1 (Testo) – see Table 1.
Mycological evaluation of the air and the rocks
(debris sampling procedure, swab sampling procedure,
rinse sampling procedure) were performed according
to Ogórek et al. (2013) with minor modification in swab
sampling procedure (the samples were taken only from
the adit walls and the surface area of 1 cm2) and rinse
sampling procedure (sample weight was ca. 50 g).
Fungal identification
After incubation (22°C, 2-7 days, in the darkness), the
fungal colonies grown on each one of the Petri dishes
of 90mm diameter were counted and identified. The
specific identfication of the sampled fungi was performed
using macro- and microscopic observations, namely the
morphology of hyphae, conidia and sporangia, of the
colonies that had grown on culture media, according to
the commonly accepted methods used in mycological
laboratories. The fungi were identified using diagnostic
keys (Arx 1974; Ellis, 1971; Raper and Fennell, 1965;
Raper and Thom, 1968; Zycha and Siepmann, 1969).
Media
The following media were used: Potato Dextrose Agar
(PDA, Biocorp), Czapek-Dox Agar (1.2% agar, Biocorp)
and Malt Extract Agar (MEA, Biocorp). PDA medium
was used for the isolation of fungi from the air and
the rocks and for the identification of some species.
Czapek-Dox agar medium and MEA medium were
used for identification of the Penicillii and Aspergillii.

RESULTS AND DISCUSSION
The most important factors affecting the survival of
fungi in the environment are temperature, humidity
(Krzysztofik, 1992) and availability of organic matter.
During the presented study, the air and rock humidity
inside and outside the adit was conducive for the
survival and development of fungi. The air temperature
outside was contributory to their development whereas
inside the adit – it was not. The content of fungi in the
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adit is probably determined by other factors such as
airflow system in the adit, availability of organic matter
and presence of bats or visitors (Hoyos et al., 1998, Gu,
2003; Li et al., 2008). The airflow system in the adit and
the speed of wind affect directly the number and species
composition of fungi isolated from the air and from
the rock. The majority of the fungal colonies forming
units were isolated from the locations characterized by
the most intensive movement of air. Caves and other
subterranean habitats have long been recognized as
a nutrient-deficient environment. Energy sources and
nutrients can enter caves as atmospheric gases, e.g.
carbon dioxide (Mulec, 2008). According to Wels and
Uota (1970) some fungal species decrease in abundance
when the highest value of carbon dioxide is observed,
but in some situations the highest carbon dioxide
concentration could stimulate fungi to more intensive
growth. It conforms to the results of some other authors
(Treseder et al., 2003). In Osówka complex conditions,
we have noticed similar CO2 values at all sampling
points, thus probably in underground contexts the level
of carbon dioxide does not affect the occurrence of fungi
(Table 1).
Our research has shown that the most common
airborne fungi in the underground are those of the
genera of Penicillium, Cladosporium, and Alternaria
(Table 2). The work of other researchers surveying caves
with respect to fungal spores supports these findings.
According to Vanderwolf (2013), the most abundant
fungi in caves are Aspergillus, Penicillium, Mucor,
Fusarium, Trichoderma, and Cladosporium genera. A
Nerja cave (Spain) that had been examined by Docampo
(2011), turned out to host several fungal species, with
Penicillium and Cladosporium genera being the most
numerous. Interestingly, in our investigation near the
entrance we sampled mostly Cladosporium spores.
Inside the underground mostly Alternaria and Penicillum
are present except the exhibition hall, where we found
Botrytis cinerea. Our results generally agree with Porca
(2011) and Fernández-Cortés (2011). They claimed
that the most abundant type of spore in the external
environment was Cladosporium, but Aspergillus and
Penicillium were the spores most widely represented
inside the cave. Hsu and Agoramoorthy (2001), Urzi et
al. (2010), Kuzmina et al. (2012) and Mulec et al. (2012)
noted that microorganism biodiversity and biomass
decreased from the entrance towards the deep zones in
caves. We obtained similar results. Near the entrance
we numbered 347 CFU per 1 m3 of air. Inside of the
underground - approximately 92 to 259 CFU per 1 m3
of air were found, the last value being recorded from
ventilation shaft (see Table 2). It is a well-recognized fact
that in caves frequently visited by tourists and in those

Table 1. Conditions in Osówka adit.
Location of
measurement

Air

Wind speed
[m/s]

CO2
[ppm]

Humidity [%]

temperature
[oC]

relative air
humidity [%]

near the entrance

23.0

78.2

1.2

382.0

―

―

guard-house

9.0

71.9

0.0

397.0

33.3

27.8

hall

7.9

88.9

0.0

402.0

28.9

21.7

ventilation shaft

12.1

73.8

0.2

405.0

22.0

20.0

exhibition hall

9.7

74.1

0.1

387.0

32.0

38.0

rocks (wall)
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Table 2. Filamentous fungi isolated from the air inside and outside of Osówka adit.
Location of
measurement

near the entrance

guard-house

hall

ventilation shaft

exhibition hall

Taxa

Air – CFU/m3
Species

Species

Species [%]

Alternaria alternata (Fr.) Keissl.

10

2.9

Aspergillus niger group

2

0.6

Botrytis cinerea Pers.

61

17.6

Cladosporium cladosporioides (Fresen.) G.A. de Vries

174

50.5

Cladosporium herbarum (Pers.) Link

34

Fusarium culmorum (W.G. Sm.) Sacc.

7

Mucor spp.

37

10.8

Penicillium chrysogenum Thom

3

0.9

Penicillium expansum Link

4

1.2

Sclerotinia sclerotiorum (Lib.) de Bary

7

1.9

Sordaria fimicola (Roberge ex Desm.) Ces. & De Not.

7

1.9

Alternaria alternata (Fr.) Keissl.

60

52.4

Aspergillus niger group

4

3.1

Cladosporium cladosporioides (Fresen.) G.A. de Vries

13

10.9

Mucor spp.

1

Penicillium chrysogenum Thom

13

9.7
347

115

2.0

0.9
10.9

Penicillium citrinum Thom

3

2.2

Penicillium diversum Raper & Fennel

20

17.5

Penicillium expansum Link

3

2.2

Cladosporium cladosporioides (Fresen.) G.A. de Vries

27

29.0

Cladosporium herbarum (Pers.) Link

2

1.6

Fusarium poae (Peck) Wollenw.

5

Mucor spp.

10

Penicillium citrinum Thom

15

16.4

Penicillium expansum Link

34

36.6

Alternaria alternata (Fr.) Keissl.

24

9.1

Aspergillus niger group

5

1.9

Botrytis cinerea Pers.

31

12.0

Cladosporium cladosporioides (Fresen.) G.A. de Vries

53

20.3

Cladosporium herbarum (Pers.) Link

10

3.9

Fusarium oxysporum Schltdl.

20

Mucor spp.

10

Penicillium chrysogenum Thom

39

14.9

Penicillium expansum Link

24

9.1

Rhizopus spp.

5

1.9

Sclerotinia sclerotiorum (Lib.) de Bary

20

7.7

Trichoderma harzianum Rifai

20

7.7

Alternaria alternata (Fr.) Keissl.

5

4.5

Botrytis cinerea Pers.

50

45.5

Cladosporium cladosporioides (Fresen.) G.A. de Vries

10

Mucor spp.

15

13.6

Rhizopus spp.

30

27.3

hosting bat colonies the concentration of fungal spores
in the air has been found higher (Martini, 1963; Shapiro
& Pringle 2010; Porca et al., 2011; Ogórek et al., 2013).
The latter is not fully consistent with our results, which
show that in the underground of Osówka, although
massively attended by tourists and inhabited by bats,
the concentration of airborne fungal spores is not high. In
our view the effective ventilation system and conditions
otherwise unfavourable for the development of fungi are
responsible for the difference. The high concentration
of airborne fungal spores outside of the adit and in the
ventilation shaft was most likely caused by its location,
because the surroundings of the adit is mainly covered
by spruce monocultures and grasses. Abundant
vegetation provides good conditions for development
of fungi. Furthermore, studies were carried out in the

92

259

110

5.5
10.9

7.7
3.9

9.1

middle of summer (28th June), in the period of intensive
plant growth. This period is particularly conducive for
the fungi development.
The most frequently isolated fungi from granite in
Osówka complex were Mucor spp. and Aspergillus
spp. (Tables 3-5). It is in accordance with work of
other authors, who report that most abundant fungal
genera isolated from rocks, and from granite in
particular, were fungi from the order Mucorales, and
Penicillium, Phoma, Auerobasidium, and Trichoderma
(Hirsch et al., 1995; Burford et al., 2003a, b; Brunner
et al., 2011). However, Ogórek et al. (2013) have
reported that most isolated fungus from the rocks of
Niedźwiedzia Cave in Kletno is Rhizopus stolonifer.
Seventeen taxa of filamentous fungi were isolated
from air (inside and outside) and only eleven from
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Table 3. Filamentous fungi isolated from the rocks soil of Osówka adit (debris sampling procedure).
Location of
measurement

guard-house

hall

ventilation shaft

exhibition hall

Taxa

CFU / 25 rocks

Total CFU / 25 rocks

[%]

Mucor spp.

16.7

51.2

Penicillium chrysogenum Thom

8.3

25.5

Penicillium diversum Raper & Fennel

1.2

Penicillium expansum Link

3.0

Rhizopus spp.

0.8

2.3

Sarocladium strictum (W. Gams) Summerbell

2.8

8.4

Aspergillus niger group

2.8

7.3

Mucor spp.

17.2

45.6

Penicillium chrysogenum Thom

16.7

Penicillium diversum Raper & Fennel

1.1

2.9

Aspergillus niger group

5.6

13.2

Mucor spp.

20.3

48.0

Penicillium chrysogenum Thom

8.3

Penicillium diversum Raper & Fennel

0.8

Penicillium expansum Link

2.7

6.4

Rhizopus spp

4.7

11.1

Aspergillus niger group

2.4

5.7

Mucor spp.

17.2

40.6

Penicillium chrysogenum Thom

8.7

Penicillium diversum Raper & Fennel

1.1

32.6

37.7

42.4

29.4

3.6
9.0

44.3

19.7
18

20.5
2.6

Table 4. Filamentous fungi isolated from the rocks soil of Osówka adit (swab sampling procedure).
Location of
measurement

guard-house

hall

ventilation shaft

exhibition hall

Taxa

CFU / 1 cm2 rock
surface

Total CFU /
1 cm2 rock surface

[%]

Aspergillus niger group

11.2

Mucor spp.

5.2

Penicillium chrysogenum Thom

5.1

Penicillium expansum Link

1.2

3.7

Rhizopus spp.

9.8

30.2

Aspergillus niger group

10.9

31.4

Mucor spp

12.1

Penicillium chrysogenum Thom

1.0

Rhizopus spp.

10.7

30.8

Aspergillus niger group

39.8

72.5

Mucor spp

13.6

Penicillium chrysogenum Thom

1.0

Rhizopus spp

0.4

0.8

Aspergillus niger group

10.4

43.3

Mucor spp

10.2

Rhizopus spp.

3.4

the rock (Tables 2-5). Microbiological evaluation of
the rocks was performed using three methods and
we obtained different results using each method.
Most of the species of fungi were isolated using rinse
sampling procedure and the least species by swab
sampling procedure. Cladosporium spp., namely C.
cladosporioides and C. herbarum, were the fungi
most frequently isolated from the internal atmosphere
of the underground Osówka complex and from the air
outside. Conversely, those most frequently isolated
from the rocks were Aspergillus niger group when
using swab sampling procedure and Mucor spp. when
using debris and rinse sampling procedure. Ogórek
et al. (2013) reported that differences in the number
of fungi species on the rock substrate may be caused
by imprecision of the testing methods used or by the
difference in the samples collected in each location.
Therefore, the microbiological evaluation of the rocks
should be accomplished using several methods.

34.4
16.0
32.6

34,7

54.9

24.0

15.7

34.9
2.9

24.8
1.9

42.5
14.2

Cladosporium spp. are common in many parts of
the world, as they are cosmopolitan organisms. Their
spores can be found in air, soil and water (Domsch
et al., 1980; Ogórek et al., 2012). These fungi are
active at low temperatures and in high air humidity
(Kwon et al., 2001). Studies of atmospheric air of
various regions of Europe show that the spores of
Cladosporium spp. dominate in 80% of all the caught
spores (D’Amato & Spieksma, 1995) and the peak
season is in the summer time (Lipiec, 2000). Some
species are pathogenic to various crops, causing
economically important plant diseases, while others
are important only endemically. Fungi commonly
occur as saprotrophs on crop remnants and plant
remnants (Mazurkiewicz-Zapłowicz & Grajewski,
2010). Cladosporium spp. can cause allergic reaction
in humans, opportunistic infections, and that is
mainly related to patients with their immune system
compromised, such as patients with haematological
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Table 5. Filamentous fungi isolated from the rocks wall of Osówka adit (rinse sampling procedure).
Location of
measurement

guard-house

hall

ventilation shaft

exhibition hall

CFU / 50 g
rock

Taxa

Total CFU /
50 g rock

[%]

Mucor spp.

60.4

Penicillium chrysogenum Thom

19.9

50.0

Rhizopus spp.

20.5

Sarocladium strictum (W. Gams) Summerbell

20.1

16.6

Cladosporium cladosporioides (Fresen.) G.A. de Vries

21.4

13.0

Fusarium culmorum (W.G. Sm.) Sacc.

9.8

120.9

16.5
17.0

5.9

Mucor spp.

100.6

Penicillium chrysogenum Thom

12.3

7.5

Rhizopus spp.

20.7

12.6

Aspergillus niger group

59.5

29.0

Cladosporium cladosporioides (Fresen.) G.A. de Vries

5.7

2.8

Mucor spp.

90.3

44.0

Penicillium chrysogenum Thom

35.0

Penicillium citrinum Thom

10.0

4.9

Sclerotinia sclerotiorum (Lib.) de Bary

4.6

2.2

Aspergillus niger group

33.5

Mucor spp.

45.3

Rhizopus spp.

17.9

diseases or those showing AIDS (Plomer-Niezgoda
et al., 1998).
Mucor spp. have a cosmopolitan distribution and
can be isolated from almost any organic material that
is in contact with air (Hesseltine, 1955). They are
mostly known as spoilage organisms and only one
species (M. piriformis) has been reported as a pathogen
on stone and pome fruit (Michailides & Spotts, 1988).
M. circinelloides can cause cutaneous zygomycosis in
humans (Chandra & Woodgyer, 2002).
Aspergillus species are ubiquitous environmental
molds that grow on organic matter and aerosolize
conidia (Hope et al., 2005). These fungi are able to grow
in the wide temperature range of 6–47°C (optimum
at 35–37°C) and are able to grow over an extremely
wide pH range 1.4–9.8. These abilities and the profuse
production of conidiospores, which are distributed
via the air, secure the ubiquitous occurrence of the
species, with a higher frequency in warm and humid
places (Rippel-Baldes, 1955). Aspergillus spp. are
fermentative microorganisms and they can excrete
many organic acids into the environment, including
the acids which may cause biodeterioration of natural
stones, as well as brick, concrete or mortars (Gu et
al., 1998; Cwalina, 2008). In humans they may cause
infections, e.g. aspergillosis of the lungs, sinuses,
cornea, orbit, skin, nails, and of ear canal, or act as
allergens (Adamski et al., 2008).

CONCLUSIONS
Mycobiota of underground habitats created by
humans are generally similar to those found in
natural caves. Species that occur in sites of this kind
are dependent, in their propagation, on tourists,
presence of bats and another animals and ventilation.
These “factors” are thus the main source of fungal
spores present inside shafts and adits. Fungal spore
concentration and number of species in majority
of the adits of Osówka complex does not present a
health risk to the tourists attending the site. Yet,

164.8

205.1

61.0

17.1

40.2
83.4

54.3
21.5

as it is enhanced in some portions of the adits, it
may constitute a problem for historical objects like
mining trolleys or uniforms. Therefore it seems
that speleomycological research and monitoring
are important for underground ecosystems and for
protection of historical memorabilia.
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Abstract:

Keywords:

Currently there are many studies focused on the investigation of climatic and glaciological
condition of ice caves. Here we present another way to address these studies, applying
some methods already used in fields other than geomorphology. The versatility and accuracy
provided by the use of modern topography and thermography techniques, using Terrestrial
Laser Scanner and current thermographic cameras- and the creation of 3D thermographic
models and orthothermographies derived from them - is shown to be a useful tool as it is
difficult to obtain data from fieldwork and traditional methods used in caves. This paper
presents the potential uses of combined TLS and thermographic techniques for monitoring
some important climatological parameters in the sensitive periglacial environment of the
Iberian Atlantic high mountains: Peña Castil Ice Cave (Picos de Europa, Northern Spain). A
systematic application of such combined technologies to these kind of caves, is expected to
contribute to a quantitative and concise characterization of the evolution of the ice as shown
by the results of this study.
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INTRODUCTION
Thermography is a technique that can measure
temperatures from a distance without needing physical
contact with the object being studied by sensing the
infrared radiation of the electromagnetic spectrum
(Melgosa, 2011). The temperature measurement is
current as it can be measured while the object is
displayed on the camera screen. If the object changes,
the camera shows the change immediately, without
inertia. Temperature can be measured at two or more
points simultaneously on the same object allowing an
image of temperature to be composed. The thermal
image, unlike the real image, is an image of thermal
radiation, not of the temperature distribution
captured by the camera. The difference in radiation
intensities are not translated into temperature
differences. This means that the object of study
can be at the same temperature, but with different
emissivities. Therefore, the thermal image will appear
with a contrast reflected in the color palette that may
*ferbese1@gmail.com; manuelglende@hotmail.com

has appear as different temperatures. Qualitative
and a quantitative analysis can be done of the same
infrared image can be done. Firstly, in the qualitative
analysis, the thermal image is analyzed to distinguish
an anomaly, locate it and assess the level of variation.
Secondly, the quantitative analysis determines
the temperature or temperatures of the anomalies
detected (but, as mentioned, thermography does not
allow a given surface temperature to be quantified).
To overcome this disadvantage, it must be combined
with 3D surveying techniques. The laser scanner is
the most suitable for 3D surveying techniques, thanks
to its simplicity, speed and accuracy. Thermographies
overlap these techniques, providing metric information
not previously available. From this point, the surface
temperature or the temperature difference between
two points may be quantified (Ergun et al., 2010).
Moreover, this measurement is made non-invasively
(without contact, non-destructively), a fact that makes
thermography a suitable technique for application
in different disciplines related to the study of the
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cryosphere. They are of particular interest in cases
such as ice caves, in which marginal ice morphologies
are particularly sensitive to climatic variations
(seasonal cryospeleothems, centimetric variations
in ice levels, the length of the cold wavelength
transmitted by the ice block or the precise description
of its internal air and heat circulations, among others).
Field conditions in caves are often complex being dark
and with difficult access.
Some of the tools used in the present study, 3D
Terrestrial Laser Scanner (3D TLS), have been used in
previous studies to obtain topographies; realistic threedimensional models in non-frozen caverns (Canevese
et al., 2008a, 2008b, 2009, 2011; Buchroithner &
Gaisecker, 2009; Roncat et al., 2011a; 2011b; Höfle et
al., 2012; Santos Delgado et al., 2012). These tools have
been used for developing high realistic three-dimensional
models in ice caves, over the last few years and only in
some important show caverns, (Milius & Peters, 2012).
All of these studies had different motives (heritage,
touristic, archaeological, mining, etc), but never oriented
towards the determination of cryomorphological
dynamics and processes within them.
This paper presents a methodology to combine metric
TLS with thermal data from the thermographic camera
at the Peña Castil Ice Cave, Picos de Europa. The final
experimental design arises from the topographic and
thermographic study as scans and thermographic
data are processed. This methodology aims to show
its potential by the monitoring of essential climatic
parameters and how these evolve in this type of cave,
which would otherwise be very difficult to determine.

STUDY AREA
The Peña Castil Ice Cave is situated in the high
periglacial mountain environment of the central
massif of the Picos de Europa. This example of the
Atlantic glaciokarst high mountain, Picos de Europa,
is situated in the north of the Cantabrian Range
(northern Spain) with a maximum altitude of 2648 m
(Torrecerredo) (Fig. 1). The current morphodynamic of
its highest landscape (above 1800 m) is dominated by
snow, cold and slope dynamics (González Trueba &
Serrano, 2010). It is a marginal periglacial and totally
deglaciated landscape in which the entire perennial
ice body takes on great relevance both at the surface
(perennial snow and ice patches from the historical
glaciers of the Little Ice Age), or below it (ice caves).
The Peña Castil Ice Cave is situated on the line
of summits over the valley of the Duje, with its main
entrance oriented to the east at 2095 m. There are no
other entrances known. Its horizontal development
is small (72 m approx.), with a SSE-NNW orientation.
Its depth is hidden by the ice body, and its upward
development is unknown. The ice body is found in its two
main rooms, which are accessed by a wide filled ramp
of scree and snow for most of the year. Beyond these
rooms, there is a small corridor whose floor is covered
by different sized blocks, and which gives way to a final
room, also with a floor with large blocks and completely
free of ice. The lateral topographies of the main rooms
indicate their downward continuity, but their closure by

Fig. 1. a) Peña Castil Ice Cave location in Central massif of Picos
de Europa (North Spain); b) Ice cave topography (ice block depth
modified from Ogando, 1995). Coloured narrows show inside airflow
and grey ones show ice flows.

the ice block has limited their exploration to -84 m or
less (Sánchez et al., 2011; Gómez-Lende et al., 2011;
Gómez-Lende & Serrano, 2012a, 2012b).
According to glacioclimatological criteria, Peña
Castil Ice Cave is a static ice cave with firn and
congelation ice, according to the Luetscher & Jeannin
classification (Luetscher & Jeannin, 2004) with
two main periods for dynamic ventilation of the air:
open period, November-March, with heterothermal
conditions; and closed period, May-September, with
homothermal conditions inside the cave. Others
months are transitional periods (Gómez-Lende &
Serrano 2012a, 2012b) (Fig. 2).

EQUIPMENT AND METHODOLOGY
Equipment
The thermographic camera FLIR SC660 was used,
which measures temperature in a range from -40 to
1500ºC with a thermal resolution of 0,03ºC. The IR
resolution was 640 x 480 pixels and angular resolution
(IFOV) 0,65 mrad. The field of vision (FOV) used was
24º on the horizontal plane and 18º on the vertical. The
software used for image treatment was the ThermaCAM
Researcher Pro 2.10 and to calibrate the metric camera,
the program Photomodeler Pro v5 was applied.
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Fig. 2. Thermal regime in Peña Castil Ice Cave (Gomez-Lende et al., 2012a). Different correlations exist between air cave temperature and exterior
air temperature.

A 3D TLS Leica ScanStation C10 was used for
topographical survey (Fig. 3). It measures distances
within a range from 1.5 to 300 m with nominal
precision of +/- 6 mm at a distance of 50 m with normal
illumination and under conditions of reflectivity. The
vertical field of vision has a range of 270º sexagesimal
and 360º in the horizontal. The software used for the
recording, alignment of clouds of points and data
treatment was Leica Cyclone 7.3 ©.
The cave was monitored thermohygrometrically
through the use of thermorecorders iButton
DS1921G with thermal ranges between -40 and
+85ºC, a precision of 0.5 ºC with a programmable data
collection of 1 to 255 minutes and synchronized with
real time and capacity to record 2048 consecutive
measurements. The hygrometric control was done
by iButton Hygrochron DS1923 dataloggers for the
measurement of temperature and humidity with a
precision in humidity recording of up to 0.04% and
a working thermal range from -20 to +85ºC and
up to 100% of humidity.The precision range in the
collection of temperatures was also of 0.5ºC and a
capacity of 8192 consecutive readings equidistant
between them from 1 sec. up to 273 hours. This
instrumentation was distributed through the interior
of the ice cave recording its climatic behaviour

Fig. 3. TSL Leica ScanStation C10 3D placement in lower ice room.

(fundamentally around its ice block) being a perfect
complement for the check of the data obtained using
the thermographic camera. In a later publication,
we´ll correlate orthothermographies and 3D models
from this paper (from November 2012 fieldwork),
with data being recorded now (to be collected in
November 2013).

METHODOLOGY
Orthoimages are in great demand in any application
in which precise geometry is required. Moreover in
this case, their metric quality is combined with the
thermal detail of the thermographies to offer highly
useful information for certain qualitative evaluations,
such as thermal differences, materials, etc. (Bryan
et al., 1999; Rodríguez-Gonzálvez et al., 2012). The
technical procedure presented in this paper has
been used in previous studies on energy efficiency in
buildings (Lagüela et al., 2011). Their methodolgy has
been applied in this study of Peña Castil Ice Cave.
The topographical and thermographical fieldwork
was accomplished in November 2012, focusing
on a preliminary characterization and to test the
combination of this method inside the ice cave.
November is a suitable time because it is the
beginning of the open period where snow melts
entirely and the ice block is free of snow (see Fig. 2).
It enables a topographical survey of the ice with no
snow interference. It also enables access to the cave
more easily and in safety (avalanches are frequent in
Picos de Europa during winter and spring).
Thermographic survey
The thermographies were taken of the desired area
and in consideration of the focal length of the camera.
In order to produce the panoramic image, all shots
were taken on a tripod with a longitudinal overlap of
at least 40%. To avoid any bias in the data, it was
necessary to take temperature and humidity data
during the fieldwork by manual instruments (contact
thermometer and placed dataloggers).
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Following the fieldwork, a previous treatment of the
thermographies using ThermaCAM Researcher Pro
2.10 was developed, applying the concepts of level
and field with a colour palette to give meaning to the
images (Fig. 4). The darker tones represent the lowest
temperatures and the lighter ones the highest.

targets in the thermography and in the cloud of points
as it was visualized on screen. The minimum number of
points that need to assemble both technologies is 6, with
more points increasing the precision. Once the process
was finished, the three-dimensional thermographic
model was made (Lagüela et al., 2011).

Laser scanner survey
In order to minimize effort, time and avoid occlusions
gaps, it was necessary to plan the number of scans
and their location previously. Also wall irregularities
determined the position and the number of scans
needed. For the ice cave, three scans were made
from each of the walls, with placements at medium
resolution and a full field of vision (360º in horizontal
and 270º in vertical), all of which lasted 7.5 minutes.
Data were processed as follows:

RESULTS AND DISCUSSION

1. Integration of the point clouds was done using
the technique of target resection; a method
involving the scanning of the same targets from
different angles. The whole cloud comprised
76,178,580 points (Fig. 5).
2. Cleaning and regularization of the cloud was
achieved by noise elimination and the cloud
regularized (Fig. 6).
Combination of laser scanner and thermographic survey
Once obtained, the panoramic thermography was
imported using Leica Cyclone 7.3 © and co-registering
each thermography with the scan by means of the marking
of control points on the thermography and on the cloud of
points. The correspondence between the thermographic
images and the cloud of points was done looking for

3D thermographic models
The panoramic thermography consists of 8
thermographies and these were overlapped on the cloud
of points using the control points (control targets) (see
Fig. 4). It enabled a maximum error in thermography
orientation of 1.0031 px, which is an acceptable error
for a 307,200 px image (Lagüela et al., 2011).
From each of the thermographies obtained,
quantitative information can be extracted (see Fig.
7), but always taking into account factors specific to
the thermographed object and applicable in any case
to the final orthothermography. The emissivity is a
function of the element to thermograph. Is necessary
to know moisture, atmospheric temperature, reflected
temperature, and finally the distance in order to obtain
reliable temperatures (see object parameters in Fig. 7).
Orthothermographies
Initially, a highly accurate three-dimensional model with
the laser scanner is obtained. Next, superimposing the
thermal image produces an orthoimage. The orthoimage
is a transformed digital image showing the scene
photographed in orthogonal projection (Lerma, 2002). The
transformation of a photographic image in orthoimage
represents the passage of a perspective projection to

Fig. 4. Preparing thermographies to give them quantitative meaning using ThermalCAM Researcher Pro 2.10 software.
Yellow dots are targets used to overlap panoramic thermography and the cloud of points.

Fig. 5. Alignment point clouds uncleaned.

Fig. 6. Cleared point cloud ready for mesh generation.
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Fig. 7. Example of thermography analyzed and numerical parameters extracted from analysis: a) thermography with profiles (Ll) and thermal
points (SP); b) quantitative data from thermographic profiles and points; c) wall object parameters necessary for the final thermography treatment;
d) thermal profiles from thermography.

orthographic projection. This process is called differential
rectification. Differential rectification eliminates the image
shift produced by the tilt of the photographic image and
the orographic effect of the ground surface or object. The
creation of orthoimages can be done in two possible ways:
by direct or inverse projection (Novak, 1992).
In the differential rectification method of orthoimage
generation, each pixel of the original image (x,y) is
projected upon the 3D surface of the model by means
of the collinearity condition (based on the parameters
of internal and external orientation) (Eq.1) to thus
obtain the spatial coordinates (X,Y,Z), which will later
be projected onto the plain of the orthoimage. In the
collinearity equation below

(1)

𝑥𝑥 = 𝑥𝑥𝑝𝑝𝑝𝑝 − 𝑓𝑓 ∙
𝑦𝑦 = 𝑦𝑦𝑝𝑝𝑝𝑝 − 𝑓𝑓 ∙

𝑟𝑟11 (𝑋𝑋 − 𝑋𝑋0 ) + 𝑟𝑟12 (𝑌𝑌 − 𝑌𝑌0 ) + 𝑟𝑟13 (𝑍𝑍 − 𝑍𝑍0 )
𝑟𝑟31 (𝑋𝑋 − 𝑋𝑋0 ) + 𝑟𝑟32 (𝑌𝑌 − 𝑌𝑌0 ) + 𝑟𝑟33 (𝑍𝑍 − 𝑍𝑍0 )

𝑟𝑟21 (𝑋𝑋 − 𝑋𝑋0 ) + 𝑟𝑟22 (𝑌𝑌 − 𝑌𝑌0 ) + 𝑟𝑟23 (𝑍𝑍 − 𝑍𝑍0 )
𝑟𝑟31 (𝑋𝑋 − 𝑋𝑋0 ) + 𝑟𝑟32 (𝑌𝑌 − 𝑌𝑌0 ) + 𝑟𝑟33 (𝑍𝑍 − 𝑍𝑍0 )

x,y = original image pixel coordinates; Xpp,ypp =
coordinates of the principal point; f= principal
distance; X= object coordinates; X0= projection center
coordinates; r11 r12……. = components of the rotation
matrix; r11 = cos φ*cos K; r12= cos φ *sen K; r13= - sen
φ; r21= sen φ * sen ω * cos K – Cos ω * sen K; r22= sen φ
* sen ω * sen K + cos ω * cos K; r23= sen ω * cos φ; r31=
sen φ * cos ω * cos K + sen ω * sen K; r32= sen φ * cos ω
* sen K – sen ω * cos k; r33= cos ω * cos φ (ω = rotation

angle on the x-axis (x); φ = rotation angle on the y-axis
(y); K= rotation angle in three dimensions (z).The
digital image comprises an array of small rectangular
elements (pixels). From each of the pixel sizes, their
position in the image and the value associated in the
grayscale is known. In digital images, it is clear that
the pixel is the differential element to rectify, since it is
the smallest unit of which it is composed. The process
is done in batch mode, obtaining first the threedimensional digital model, proceeding then to realize
the differential correction.
To carry out a differential correction process it is
necessary to have a three-dimensional digital model
stored in the same way than the image, e.g. with a
raster structure from an elevations matrix. This model
should be referred to a coordinate projection system in
which the rectified image will be obtained.
The relationship between the orthogonal projection of
the land and the conical projection of the picture is given
by the collinearity equations. The purpose of the digital
image correction is to assign the corresponding gray
value to each of the matrix elements of the digital model.
Given that the morphology of the object is available with
great precision and spatial resolution, corresponding to
the 3D model provided by the TLS, true orthoimages have
been obtained, in which the relief effect of the object is
corrected. A true orthoimage generated from the TLS 3D
model and thermal image is named orthothermography
(Rodríguez-Gonzálvez et al., 2012) (Fig. 8).
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Fig.8. Peña Castil Ice Cave orthothermography: a) main orthoimage generate by rectification (in lower ice room); b) final orthothermography
(b = a + 8 thermographic images; example Fig.7a); c) detailed orthothermography. The yellow dots are the targets for resection process. Darker
color tones represent the ice block temperatures and warm ones cave walls. Real image in photography.

Potential uses in ice cave researches
The combination of these two techniques for the
thermal monitoring of the Peña Castil Ice Cave has
some remarkable implications for ice cave research.
Not only does it result in precise data of the volumes
and surfaces of the ice block (improving traditional
topographic techniques), but it also enables us to
visualize thermal behaviour and current air flows in
this type of cave.
The great versatility of the 3D model must be
considered, enabling us to focus on certain aspects
and dynamics of the ice block and the cave in
general (for instance Figs. 1 and 9). In this case, it
allows us to observe ice processes related to direct

Fig. 9. Top view of the slope entrance. Snow inputs external (a) push
and compress the ice block (b). The 3D models allow analyzing
geomorphological process and morphologies non visible in fieldworks.
Blue arrows indicate snow inputs; stripped blue lines indicate push
arches in the snow zone and ice block.

snow inputs, incorporated from topoclimatological
external conditions which push the ice block,
compress it and deform it, causing push arches. At
least 3 push arches are observed in the snow slope,
and 4 in the ice block. These push arches may be
related to the arches observed in the middle of the
ice block, in the lower room and under the first
ice layers (Gómez-Lende & Serrano, 2012b). These
arches are similar to traction fissures and preserve
the same orientation and angle as the push arches
represented in Fig. 10. This may indicate a similar
origin and a mechanical movement of the snow
inputs and its influence on the dynamics and ice
block evolution. In traditional topographical surveys
it is very difficult to get accurate zenithal views as
those provided by laser scanner.
Likewise, orthoimages extracted from the 3D model
help us to estimate the approximate ice block volume
(at least 33,000 m3) and more accurately the ice block
surface (629 m2) (see Fig. 1). In making 3D models we
might also estimate the total ice volume, calculating
seasonal cryomorphology volumes observed in the ice
cave at the end of open period (Gómez-Lende et al.,
2011; Gómez-Lende & Serrano 2012a, 2012b).
On the other hand, orthothermographies enable us
to observe, although in only one field survey (carried
out in November 2012; Figs. 7-10), graphic and
quantitativ, vertical and horizontal thermal air mass
characterization, as well as thermal gradients in cavern
walls and their thermal differences in comparison to
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Fig. 10. Warm air masses in the cave roof detected with the thermographic camera. (a) original
thermography taken during fieldwork; (b) final thermography after enhancement in ThermalCAM
Researcher Pro 2.10 software. These air masses are stored in the cave roof where there is no
exit to the outside.

the ice block. This is not possible to determine with
traditional methods (thermal dataloggers).
As an example, Figure 8 shows a potential use
of this method in this thermal characterization. It
is possible to extract from an orthothermography
several thermographical profiles (4 profiles in Fig. 7)
as concrete thermal points (SP. in Fig. 7). Graphics
and charts made from profiles (LI.01-LI.05 in Fig. 7)
show at a glance, differences between the lower few
metres of cave wall and the ice block surface, an
average of -1ºC (range -0.6 to -1.6ºC). Also it allows
a representation of a thermal area, more useful
than single data obtained with datalogger registers
(dataloggers enable us only one data at a specific
point), and it would allow to detect thermal and
airflow in rock fissures, etc. In orthothermography
examples (like Fig. 8b, 8c), profiles and thermography
colours show a consistent decrease in temperature
approaching the ice block surface (temperatures
close to -1.5ºC). In Fig. 7, profiles LI.01 and LI.04
have a nonlinear trend caused probably by the
irregularity of the wall. Also LI.04 profile shows a
lower temperature because it is situated further into
the cave and is thus less influenced by direct solar
radiation (see also photo in Fig. 8). Nevertheless,
LI.02 and LI.03 show a slight increasing trend and
a difference with the ice block temperature. The
little differences in the numerical charts extracted
from the thermographic survey are more visible
in the thermal image (Fig. 7a). In November, we
could not observe a pronounced influence of the

wavelength of cold from the ice block (as shown
by the profiles); but it is possible that it will be
observed in future surveys.
This technical combination of methods is useful
to visualize the air and thermal flows inside the ice
cave. The determination of the warm air masses in
the different parts of the cavern is shown in Figure
10. The warm air masses remain stored in the ice cave
roof in areas where there is no exit to the outside.
These would be impossible to detect using dataloggers
or traditional thermographical surveys.

CONCLUSIONS
a) The application of this type of techniques is
precise and versatile, and so improves on traditional
telemetries.
b) The marked topographic irregularities in this
type of environment, important for the determination
of the air circulation and energetic balances in ice
caves, are recorded with precision using the 3D
thermographic models.
c) Such instrumentation works perfectly independently
of luminosity, which permits models to be made in
underground environments in which details can be
observed that otherwise go unnoticed in fieldwork.
The vertical perspective of the model means that data
can be obtained in a way that would be impossible to
notice and quantify through direct observation and
classical topography (e.g. flow arches in the snow
ramp and ice block).
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d) The results permit multiple quantitative analyses
to be obtained, both of the cave in general and of
those aspects associated with ice caves: ice dynamics
and morphologies, climatic parameters and evolution,
and the behaviour of air and heat flows, often not
considered in the study of this type of caves due to
the difficulties of access and analysis.
e) The potential of these tools in the measurement of
ice morphologies will provide an important source of
knowledge concerning variations in surfaces, volumetrics
and ice thicknesses both intrannually and interannually.
It will become decisive in calculation of ice mass balance.
f) Without doubt, one of the greatest advances with
the application of this type of technique (3D models
and thermography) is that it is an important step
forward for the quantitative knowledge of the energy
balance of an ice cave, a fundamental factor in the
evolution of an underground ice block.
Future studies focussing on introducing more depth
and development of combined techniques may help to
understand with greater precision the specific dynamics
and processes of ice caves. A step forward would be
undertaking fieldwork in different seasons and consecutive
years in order to study variations in the different
glacioclimatological periods (open and closed periods).

ACKNOWLEDGEMENTS
This research was funded by I+D Programme
of the Ministry of Science and Innovation (project
CGL-2010-19729) and the Ministry of Environment
(OAPN-053/2010). We wish to thank CES Alfa and
GELL (Grupo Espeleológico La Lastrilla), speleological
associations, specially to Javier Sánchez, Emilio
Herrera and Enrique Ogando.

REFERENCES
Bryan P.G., Corner I. & Stevens D., 1999 - Digital
rectification
techniques
for
architectural
and
archaeological presentation. Photogrammetric Record,
16 (93): 399-415.
http://dx.doi.org/10.1111/0031-868X.00131
Buchroithner M.F. & Gaisecker T., 2009 - Terrestrial
Laser Scanning for the Visualization of a Complex Dome
in an Extreme Alpine Cave System. Photogrammetrie
Fernerkundung Geoinformation, 4: 329-339.
http://dx.doi.org/10.1127/1432-8364/2009/0025
Canevese E.P., Tedeschi R., Forti P. & Mora P., 2008a
- The use of laser scanning techniques in extreme
contexts: the case of Naica Caves (Chihuahua, Mexico).
Geologia tecnica & ambientale (Journal of technical &
environmental geology), 2: 19-37.
Cavanese E.P., Tedeschi R. & Forti P., 2008b - The
caves of Naica. Laser scanning in extreme underground
environments. The American Surveyor, 6 (2): 3-10.
Canevese E.P., Tedeschi R., Forti P. & Uccelli F., 2009
- Laser scanning use in cave contexts: the cases of
Castellana and Santa Barbara (Italy) and Naica (Mexico).
In: White W.B. (Ed.), Proceedings of the 15th International
Congress of Speleology, Kerrville (USA), 3, 2061-2067.
Canevese E.P., Forti P, Naseddu A., Ottelli L. & Tedeschi
R., 2011 - Laser scanning technology for the hypogean
survey: the case of Santa Barbara karst system
(Sardinia, Italy). Acta Carsologica, 40 (1): 65-77.

Ergun B., Sahin C., Baz I. & Ustintas T., 2010 - A case
study on the historical peninsula of Istanbul based on
three-dimensional modeling by using photogrammetry
and terrestrial laser scanning.
Environmental
Monitoring and Assessment, 165: 595-601.
http://dx.doi.org/10.1007/s10661-009-0971-0
Gómez-Lende M., Serrano E. & Berenguer-Sempere F.,
2011 - Cuevas heladas en Picos de Europa. Primeros
estudios en Verónica, Altaiz y Peña Castil. Karaitza,
19: 56-61.
Gómez-Lende M. & Serrano E., 2012a - First thermal,
morphological and ice types studies in the Peña Castil
Ice Cave (Picos de Europa, Cantabrian Mountains.
Northern Spain). In: Turri S., Strini A. & Tomasi F.
(Eds.), Volume of abstracts, 5th International worshop
on ice cave, 16-23 September 2012, Valsassina,
Italy: 52-53.
Gómez-Lende M. & Serrano E., 2012b - Morfologías, tipos
de hielo y regímenes térmicos. Primeros estudios en la
cueva helada de Peña Castil (Picos de Europa, Cordillera
Cantábrica). In: González A. et al. (Eds.), Avances de la
Geomorfología en España 2010-2012. Actas de la XII
Reunión Nacional de Geomorfología, Santander, 17-20
September 2012: 613-616.
González Trueba J.J. & Serrano E., 2010 - La nieve en
los Picos de Europa: implicaciones geomorfológicas y
ambientales. Cuadernos de Investigación Geográfica,
36 (2): 61-84.
Höfle B., Forbriger M., Siart C. & Nowaczinski E., 2012
- Fusion of terrestrial LiDAR and tomographic mapping
data for 3D karst landform investigation. Geophysical
Research Abstracts. EGU General Assembly 2012, 2227 April, 2012 Vienna, Austria, 6324.
Lagüela S., Martínez J., Armesto J. & Arias P., 2011 Energy efficiency studies through 3D laser scanning and
thermographic technologies. Energy and buildings,
43: 1216-1221.
Lerma García J.L., 2002 - Fotogrametría moderna:
analítica y digital. Universidad Politécnica de Valencia,
550 p.
Luetscher M. & Jeannin P.Y., 2004 - A process-based
classification of alpine caves. Theoretical and Applied
Karstology, 61-66.
Melgosa Revillas S., 2011 – Guía de la termografía
infrarroja. Fundación de la Energía de la Comunidad de
Madrid, Madrid, 188 p.
Milius J. & Peters C., 2012 - Eisriesenwelt. From laser
scanning to photorealistic 3D model of the biggest
ice cave on Earth. In: Jekel T., Car A., Strobl J. &
Griesebner G. (Eds.), GI Forum 2012: Geovisualisation,
Society and Learning. Berlin/Offenbach: 513-523.
Novak K., 1992 - Rectification of digital imagery.
Photogrammetric Engineering and Remote Sensing,
62: 339-344.
Rodríguez-Gonzálvez P., Herrero Pascual J. S., GonzálezAguilera D., Muñoz-Nieto Á. L., Mancera-Taboada J.,
Sánchez-Martin N., Hernández-López D., Felipe-García
B., Moreno Hidalgo M. Á., 2012 - Aplicación de técnicas
geomáticas al análisis y diagnóstico de patologías en
el patrimonio arquitectónico. I Congreso Iberoamericano
de Geomática y Ciencias de la Tierra, Madrid, 16 – 19
octubre 2012.
Roncat A., Dublyansky Y., Spötl C. & Dorninger P.,
2011a - Full 3D surveying of caves: a case study of
Marchënhohle (Austria). In: Marschallinger R. & Zobl F.
(Eds.), IAMG Conference Salzburg 2011. Mathematical
Geosciences at the Crossroads of Theory and Practice.

Salzburg, Austria, 11 p.

International Journal of Speleology, 43 (1), 35-43. Tampa, FL (USA) January 2014

Orthothermographies and 3D models in the Peña Castil Ice Cave
Roncat A., Dublyansky Y., Spötl C, Dorninger P. & Pfeifer N.,
2011b - A full-3D laser-scan mapping of a hypogene cave: a
morphogenetic study of Märchenhöhle, Austria. Geophysical
Research Abstracts. EGU 2011, Vienna, 13, 14039.
Sánchez J., Jordá L., Serrano E., Gómez-Lende M. & Hivert
B., 2011 - Memoria de las exploraciones subterráneas.
Macizo central de Picos de Europa, Camaleño-Cantabria.
CES Alfa-AS Charentaise, inédito, 51 p.

43

Santos Delgado G., Martínez Rubio J., Silva Barroso P.G.,
Sánchez Moral S., Cañaveras Jiménez J.C. & De la
Rasilla Vives M., 2012 - Contribución al conocimiento de
la cueva de El Sidrón (Piloña, Asturias) con técnicas de
láser escáner 3D. In: González A. et al. (Eds.), Avances
de la Geomorfología en España 2010-2012. Actas de la
XII Reunión Nacional de Geomorfología, Santander,
17-20 September 2012: 255-258.

International Journal of Speleology, 43 (1), 35-43. Tampa, FL (USA) January 2014

44

International Journal of Speleology, 43 (1). Tampa, FL (USA) January 2014

International Journal of Speleology

43 (1)

45-56

Tampa, FL (USA)

January 2014

Available online at scholarcommons.usf.edu/ijs/ & www.ijs.speleo.it

International Journal of Speleology
Off icial Journal of Union Internationale de Spéléologie

Diversity of cultivable bacteria involved in the formation
of macroscopic microbial colonies (cave silver) on the walls
of a cave in Slovenia
Blagajana Herzog Velikonja1, Rok Tkavc1,2, and Lejla Pašić1*
Chair of Molecular Genetics and Biology of Microorganisms, Department of Biology, Biotechnical Faculty, University of Ljubljana, Večna pot 111,
SI-1111 Ljubljana, Slovenia
2
Henry M. Jackson Foundation for the Advancement of Military Medicine, 4301 Jones Bridge Road, Bethesda, MD 20814-4799, USA
1

Abstract:

Keywords:

Karstic caves often support white, yellow, grey or pink microbial colonies that are termed
‘cave silver’ by speleologists. Using various sample pre-treatments and culture media,
a wide variety of bacteria associated with these colonies were recovered from a cave in
Slovenia, Pajsarjeva jama. Decreasing the inoculum size resulted in significant increases in
viable counts, while pre-treatments had the opposite effect with the exception of microwave
irradiation. While all growth media yielded viable counts, the maximal counts were observed
on a low-nutrient TWA medium.
Based on the 16S rRNA gene sequence of OTU representatives, the majority of the 80 isolates
examined belonged to Streptomyces (25%), Micrococcus (16%) and Rhodococcus (10%)
Other abundant groups were Pseudomonas (9%), Agrobacterium (8%), Lysobacter (6%) and
Paenibacillus (5%), while members of genera Microbacterium, Agrococcus, Arthrobacter,
Bacillus, Kocuria, Oerskovia, Sphingomonas, Aerococcus, and Bosea represented a minor
portion of cultivable diversity encountered. Members of Streptomyces and Agrobacterium
were common to all samples. Although these microorganisms readily form colonies under
laboratory conditions, they were unrelated to abundant environmental phylotypes recovered
from same samples in a previous study. However, the comparative 16S rRNA analysis
showed that microorganisms highly related to the ones obtained in this study were cultivated
from other subterranean environments indicating that they might represent true microbial
cave dwellers.
cave; bacteria, microbial colonisations; cultivation; 16S rRNA
Received 7 May, 2013; Revised 13 October 2013; Accepted 4 December 2013

Citation:

Herzog Velikonja B., Tkavc R. and Pašić L., 2014. Diversity of cultivable bacteria involved
in the formation of microbial colonies (cave silver) on the walls of a cave in Slovenia.
International Journal of Speleology, 43 (1), 45-56. Tampa, FL (USA) ISSN 0392-6672
http://dx.doi.org/10.5038/1827-806X.43.1.5

INTRODUCTION
Caves were long considered to support only rare
microbial specialists (Palmer et al., 1991; Barton &
Jurado, 2007). Most cavern microbiota was considered
to be imported from the surface through air currents,
water, sediments, animal or human vectors and thus
not specialized for subterranean life (Palmer et al., 1991;
Keswick et al., 1982; Cunningham et al., 1993; Northup
et al., 1994, Rusterholtz & Mallory, 1994). Beginning
in the 1990’s, the use of molecular techniques quickly
established that caves are in fact endowed with diverse
microbial communities (Barton & Jurado, 2007). The
microbes present within caves were found to acquire
energy using a plethora of approaches. These ranged
from breaking down complex surface-derived aromatic
*lejla.pasic@bf.uni-lj.si

compounds to oxidizing reduced inorganic compounds
within the cave rocks. More importantly, the microbial
diversity encountered was surprisingly high compared
to what was expected given the amount and complexity
of nutrients available in subterranean environments.
This apparent violation of competitive exclusion or
the ‘one species-one niche’ requirement (Hardin,
1960) led scientists to believe that within caves the
selfish competition for resources is replaced by more
cooperative and mutualistic microbial associations
(Barton & Jurado, 2007).
One eye-catching example of cave microbes are
those found in Karstic and in lava caves which
morphologically resemble white, yellow, grey, or pink
bacterial colonies. Where present, these colonies can be
observed throughout the cave as distinct one-millimetre
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size spots or can form thin (up to 1 mm thick) biofilmlike coatings that can be several square meters in size.
This type of microbial growth, sometimes referred to as
‘cave silver’, is often covered with water droplets and
reflects light in characteristic fashion, hence its name.
Over the years a number of studies have focused
on cave silver samples from caves in Spain, Portugal,
Hawai’i, New Mexico, Czech Republic and Slovenia.
DGGE fingerprinting and phylogenetic analysis of 16S
rRNA genes obtained from cave silver samples from
Spanish caves showed that regardless of its colour,
they are dominated by members of Proteobacteria
and Actinobacteria. The cave silver colonies supported
various other phylotypes affiliated with Actinobacteria,
Bacteroidetes,
Gemmatimonadetes,
Firmicutes,
Planctomycetes and Nitrospira (Schabereiter-Gurtner et
al., 2004; Portillo et al., 2008, 2009). An independent
16S rRNA study that focused on cave silver in Slovenia
showed similar results. This study also reported the
presence of Verrucomicrobia and Chloroflexi (Pašić et al.,
2010), which had been previously undetected. Members
of the above listed phyla dominated a morphologically
similar growth in lava caves in New Mexico, Portugal
and Hawai’i (Northup et al., 2008; Garcia et al., 2009;
Moya et al., 2009; Northup et al., 2011). Recently, a
comparative analysis of environmental 16S rRNA from
samples recovered from yellow cave silver growing on
the walls of caves in Spain, Slovenia, Czech Republic,
Portugal and Hawai’i found that all these caves
support similar colonisations and have a common core
composed of actinobacterial Pseudonocardinae and
Gammaproteobacteria (Porca et al., 2012).
Investigations of cave silver have included cultivation
efforts, however initially there were no published reports
assessing the cultivable portion of microbial diversity.
They are instances where cave isolates have been
reported (Mulec, 2008) and three novel species were
described from white colony samples taken from an
Altamira cave (Jurado et al., 2006; 2008; 2009). These
corresponded to the taxa that constitute a minor portion
of the community, as is frequently the case with these
studies. Regardless, cultivation is an important part of
the description of a microbial community as the readily
cultivated rare taxa represent a reservoir of biological
diversity that is seldom retrieved in molecular studies.
Our present study describes the bacterial diversity of the
cultivable fraction of yellow, grey, pink and white cave
silver colonies that develop in Pajsarjeva jama, Slovenia
which were recovered using approaches successfully
utilized previously in similar subterranean systems.

MATERIALS AND METHODS
Sample collection and processing
Microbial cave wall colonies were sampled in May
2011 in a 55 m long cave, Pajsarjeva jama, located
20 km south-west of Ljubljana, Slovenia (45°49′51″N,
14°16′15″E). At the time of sampling, the air
temperature was 12.0 °C, and the relative humidity
was 100%. Previous cultivation-independent studies
found no differences in structure and membership of
microbes in cave silver samples of same colour (Porca et
al., 2012). This allowed us to collect four samples that

corresponded to yellow, grey, pink and white cave silver
morphotypes. We sampled areas in which the respective
colour morphotype covered an area of several square
centimetres. The samples were carefully scraped off
with a sterile scalpel into sterile vials without touching
the supporting rocks, were stored on ice and processed
within 2 h after collection.
An aliquot (0.05 g) of each of the four samples was
resuspended in 5 ml of 0.9% NaCl and divided into 1
ml subsamples. These were each treated as described
in Niyomvong et al. (2012) in order to elicit the growth
of non-Streptomyces Actinobacteria. The suspensions
were either exposed to wet heat (water bath at 50 °C for
5 minutes); dry heat (120 °C in a hot air oven for 1 h);
dry heat and phenol (1 ml of suspension was added to
9 ml of 1.5% phenol solution and was incubated at 120
°C in a hot air oven for 1 h followed by 30 minutes at
room temperature); microwave irradiation (frequency of
2460 MHz and a power setting at 100 W for 45 sec); or
remained untreated.
Media and cultivation conditions
Prior to plating, the treated suspensions were diluted
to 10-3 in 0.9% NaCl. One hundred microliters of each
dilution was spread onto seven different media. We chose
media that contained substrates that are likely present
in the natural environment and/or were previously
shown to initiate the growth in a wide variety of cave
organisms (Jurado et al., 2006; 2008; 2009; Niyomvong
et al., 2012). Media included glycerol-asparagine agar
(GAA) (ISP medium No 5), peptone-yeast extract-brain
heart infusion agar (PY-BHI) (Yokota et al., 1993),
1000-fold-diluted tryptic soy agar (TSA) (Difco, USA),
starch-casein agar (SCA) (Wellington & Cross, 1983),
malt-yeast extract agar (MYA) (Oxoid, USA), soil extract
agar (SEA, 1.5% agar in 10% (w/v) filtrate of soil in tap
water) and tap water agar (TWA, 1.5% agar in sterilized
tap water). All media was supplemented with the fungal
inhibitor nystatin (Sigma, USA, 100 mg/ml).
Plates were incubated at 30 °C as suggested by Laiz
et al. (2003), who found that low temperatures (13°C)
reduce the viable counts and the diversity of isolates
related to Actinobacteria (but yield somewhat higher
diversity of other Bacteria). During the five week
incubation, the plates were opened periodically for
colony counts. Morphologically different colonies were
purified by streak-plating and were maintained on TSA
or Oatmeal agar (Difco, USA) or slopes.
Statistical analysis
The Shapiro-Wilk normality test was used to determine
the distribution of the data. The significance of effects
of sample type, inoculum size, incubation time, sample
pre-treatments and media choice on viable counts was
estimated using Kruskal-Wallis test. The Mann-Whitney
U test was used to identify differences among medians
of viable counts obtained with individual pre-treatments
and in the absence of treatment.
In order to identify growth media with significant
effects on viable counts, we log(10) transformed the
data, performed one-way ANOVA, and calculated the
difference between each pair of means using Fisher’s
least significant difference procedure.
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Phenotypic tests
The morphological properties of presumably novel
isolates were studied microscopically following Gram
staining. Gram staining and the determination of catalase
and oxidase activities were all performed using standard
procedures (Gerhardt et al., 1998). Other biochemical
tests were performed by inoculation of API 20 NE, API 20E,
API Coryne, API Strep and API 50CH strips (bioMérieux)
according to the manufacturer's instructions.
Molecular methods
Genomic DNA isolation
Growth from stationary phase cultures was inoculated
aseptically into 150 ml Erlenmeyer flasks containing
10 ml of growth medium and was incubated in a rotary
shaker incubator at 22 °C for 72 hours at 200 rpm.
Cultures (3 ml) were centrifuged at 12000×g for 3 minutes
and were resuspended in 500 µl of TES buffer (0.3 M
sucrose, 25 mM Tris-HCl pH 8.0, 25 mM EDTA pH 8.0)
supplemented with 50 µg/ml RNase A. Beads ranging in
size from 0.1-0.5 µm were added, the mixture was frozen
in liquid N2, and the cells were disrupted by bead-beating
for five minutes. This suspension was supplemented
with 4 mg/ml of lysozyme and was incubated for 1 hour
at 37°C. Subsequently, 250 µl of 2% sodium dodecyl
sulphate was added and the mixture was vortexed for
one minute and the resulting lysate was extracted with
phenol:chloroform:isoamylalchol (25:42:1). The DNA was
precipitated by adding 0.1 volume of 3 M Na-acetate (pH
4.8) and 1 volume of isopropanol. After incubating at
room temperature for five minutes, the DNA was pelleted,
air-dried, resuspended in TE buffer and stored at -20 °C.
PCR amplification and sequencing
Genomic DNA of 96 isolates was used as a template
in PCR amplifications as described previously (Porca
et al., 2012). Sequencing of amplified 16S rRNA genes
was performed at Macrogen Inc. (Seoul, Korea) using
universal bacterial primers 27F and 1492R. Sequences
shorter than 750 bp and with average quality values
below 20 were removed from the dataset. Upon assembly
in BioEdit (Hall, 1999), the final dataset contained 80
sequences. These were compared to databases available
from GenBank (http://www.ncbi.nlm.nih.gov, BLASTN
algorithm),
GREENGENES
(http://greengenes.lbl.
gov, ‘Compare’ tool) and EzTaxon (http://eztaxon-e.
ezbiocloud.net/, Kim et al., 2012).
Operational taxonomic unit (OTU)-based analysis
and phylogenetic analysis
We used Mothur to group sequences into OTUs
(Schloss et al., 2009). The sequences were aligned to
Silva-based template alignment (available from http://
www.mothur.org/wiki/Silva_reference_alignment); and
the uncorrected pair-wise distances between aligned
sequences were calculated. The sequences differing in
evolutionary distances by less than 3% were grouped
into OTUs using the furthest neighbour algorithm.
For phylogenetic tree reconstruction, we used
MUSCLE (Edgar et al., 2004) to generate an alignment
of representative isolate sequences and relevant
phylogenetic data. The latter included most similar
environmental sequences, most similar validly described

47

species, and major representatives of each taxonomic
group detected. Gaps and ambiguously aligned
positions were identified using CORE available from
T-COFFEE (http://tcoffee.vital-it.ch/ cgi-bin/Tcoffee/
tcoffee_cgi/index.cgi) and subsequently removed from
the alignment. This dataset was analysed by maximum
likelihood (ML) in MEGA5 (Tamura et al., 2011) by
applying a general-time-reversible (GTR) model of
sequence evolution and taking among-site variation into
account using a four-category discrete approximation of
a Γ distribution with a portion of invariable sites using
MEGA5. ML bootstrap support values were assessed by
1000 bootstrap replications.
The sequences obtained in this study were deposited
in GenBank under accession numbers KC978859KC978879.

RESULTS AND DISCUSSION
Cultivation of cave silver microorganisms on solid
media
We used four sample pre-treatments and seven
different growth media in order to initiate the growth
of a wide spectrum of prokaryotes that constitute cave
silver. Inside Pajsarjeva jama, we sampled areas where
individual colour morphotypes covered areas at least one
square centimetre in size. We analysed four samples that
corresponded to the yellow, pink, grey, and white cave
silver morphotypes, respectively. The collected data was
not normally distributed (Shapiro-Wilk normality test, W
= 0.5, P<0.0001) and, therefore, we report the median
(Me) and the quartile 1- quartile 3 values (Q1-Q3).
Upon five weeks of incubation at 30°C, the median
viable counts did not differ if the gathered data were
considered with respect to sample colour (P = 0.69,
Kruskal-Wallis test). The median viable counts ranged
from 5.8×103 (Q1-Q3=1.20×103–3.12×104) CFU/g (greycoloured sample) to 4.2×104 (Q1-Q3=5.80×103–1.08×105)
CFU/g (pink-coloured sample).
The effect of inoculum size and incubation time on
viable counts
After five weeks of incubation at 30°C, we did not
observe the expected 10-fold reduction in colony numbers
in cultured inoculated with 10-fold fewer bacteria. In
fact, the median viable counts obtained in 10-3 dilutions
(Me=2.50×105
(Q1-Q3=1.10×105–4.10×105)
CFU/g)
were a magnitude higher than the counts obtained with
10-1 diluted samples (Me=2.25×104 (Q1-Q3=1.75×104–
4.30×104) CFU/g). This difference was statistically
significant (Kruskal Wallis test, P < 0.001) regardless
of sample type, sample pre-treatment or growth media
used. This phenomenon has been described in other
cultivation studies and has been hypothesized to occur
due to overcrowding (e.g. Davis et al., 2005) or antibiosis.
However, in soil samples, it had no effect on the isolation
of members of rarely isolated groups (Davis et al., 2005).
The growth of colonies on media was recorded for
five weeks and the first visible colonies were observed
at six days after inoculation. The increase in CFU was
most prominent during the second and the third week
of incubation. Upon the third week of incubation, the
total CFU/g increased on most media by 0.9% to 9.0%,
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with exception of SCA and TSA where this increase was
25% and 56%. The drying of the plates prevented us from
measuring growth for any later incubation time points.

2.70×105) CFU/g observed on TWA medium (Fig. 1).
The seven media types used in this study differed in
their ability to elicit the formation of colonies (one-way
ANOVA, F = 2.98, P < 0.05). We identified low-nutrient
TWA as the only growth medium with significant effect
on viable counts (Fisher’s least significant difference, P <
0.05). This was expected given that low-nutrient media
favour the growth of slow-growing species, as previously
observed in various other environments (e.g. Janssen et
al., 2002; Bussmann et al., 2001).

The effect of sample pre-treatments on viable
counts
Previous studies indicated that Actinobacteria might be
particularly abundant in cave silver colonies from Pajsarjeva
jama (Pašić et al., 2010; Porca et al., 2012). In order to
increase the numbers and the variety of Actinobacteria
in our pure cultures, we applied four different selective
pre-treatments. These were previously reported to lead to
growth inhibition of some and to stimulate the growth of
other actinobacterial genera (wet heat, dry heat), to reduce
the spreading of bacteria and fungi (wet heat, phenol)
or to increase the number of non-Streptomyces soil
actinomycetes (irradiation in a microwave) (e.g. Bredholt et
al., 2008; Niyomvong et al., 2012).
The pre-treatments had a significant effect on median
viable counts obtained on all counted plates (KruskalWallis test, P < 0.05) (Table 1). The median viable
counts were reduced if the samples were irradiated in
a microwave, treated with dry heat and phenol, treated
with dry heat or treated with wet heat. Compared to
untreated samples, only microwave irradiation did not
have a statistically significant effect (Mann-Whitney test,
W=864, P = 0.17).
We observed no viable counts if the white cave silver
sample was irradiated in a microwave. Microwave
irradiation is known to induce germination of spores of some
species of Streptomyces, Nocardia, Streptosporangium,
Lentzea, Micromonospora and Micropolyspora (Bulina et
al., 1997; Wang et al., 2013). This treatment also reduces
total prokaryotic counts (Ferriss, 1984) and has recently
been shown to reduce cultivability of some soil isolates
affiliated with Actinobacteria, which could be the reason
for the apparent absence of CFU. In similar fashion, no
viable counts were observed if the pink cave silver sample
was treated with dry heat and phenol, a treatment designed
to select for actinobacterial genera Micromonospora,
Microbispora, Actinoplanes and Streptosporangium (Seong
et al., 2001). Indeed, no members of the above listed
genera were obtained in pure culture with the notable
exception of genus Streptomyces. The ability of these
isolates to withstand microwave irradiation and dry heat
and phenol treatment is currently under investigation.

Phylogenetic placement of isolate sequences
We did a phylogenetic analysis on the representative
sequences of OTUs for 80 isolates obtained in this study
and relevant environmental sequences present in the
GenBank database (Figs. 2, 3). The levels of diversity
identified using cultivation dependent and independent
approaches were notably different. Actinobacteria made
up the dominant group among cultivated strains (47%)
and among the environmental sequences recovered
from Pajsarjeva jama cave silver samples (16%, Pašić
et al., 2010). Unfortunately, we could not cultivate
Actinobacterial phylotypes that were dominant in
environmental 16S rRNA gene libraries (Fig. 2). Instead,
the OTUs represented by 16S rRNA sequences of isolates
C3 (7.5% of all isolates obtained), F2 (2.5%), C10 (2.5%),
E4 (3.8%) and D11 (2.5%) were ≥99% similar to 16S rRNA
sequences of Rhodococcus wratislaviensis, Rhodococcus
erythropolis,
Kocuria
kristinae,
Microbacterium
paraoxidans, and Agrococcus citreus, respectively. The
OTUs represented by isolates A11 (16.3%), D8 (2.5%),

The effect of media choice on viable counts
We based our growth media choice on previous
cultivation studies involving cave microorganisms
(Jurado et al., 2006; 2008; 2009; Niyomvong et al., 2012).
The median viable counts obtained on different media
ranged from 1.00×103 (Q1-Q3=6.00×102-2.00×104)
observed on MYA to 9.92×104 (Q1-Q3=3.07×104-

Fig. 1. Distribution of median viable counts on plates inoculated
with cave silver samples upon five weeks of incubation at 30°C with
respect to growth medium. The box-plots show minimum, maximum,
the 25 and 75 percentile and median. The growth medium with
significant effect on viable counts (Fisher’s least significant difference,
P < 0.05) is indicated by an asterisk.

Table 1. Total viable counts (CFU/g) obtained from pretreated cave silver samples.
Wet heat

Dry heat

Dry heat and phenol

Electromagnetic wave

No treatment

Total number of

(a)

(b)

(c)

(d)

(e)

isolates

Yellow

1.4 × 103

2.0 × 102

2.0 × 104

2.0 × 106

5.9 × 106

12

Gray

2.2 × 10

2.0 × 10

2.0 × 10

2.1 × 10

7.7 × 10

6

29

White

4.4 × 103

2.0 × 102

5.6 × 104

ND

2.7 × 107

15

Pink

2.0 × 104

4.0 × 104

ND

5.3 × 106

1.9 × 107

24

Sample

4

4

2

ND – no colonies were detected upon eight-week incubation at 30°C.

6

80
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Fig. 2. ML tree showing the phylogenetic position of OTU representatives (prefix 'cave bacterium PJ') belonging to Actinobacteria. Numbers at
nodes (>75%) indicate percentages of 1000 bootstrap resamplings. Sequences with prefix 'uncultured actinobacterium clone PJM' originate from a
previous study (Pašić et al., 2010).

D12 (2.5%), G4 (1.3%) and F3 (23.8%) shared 95%-97%
sequence identity with validly described species and likely
represent novel taxa. Their phenotypic characteristics are
presented in Table 2.
In similar fashion, the environmental 16S rRNA
sequences affiliated with Proteobacteria differed from
those obtained through the cultivation approach
(Fig. 3). While environmental 16S rRNA sequences were
related to Chromatiales (23.4%) and Xanthomonadales
(7.9%), the cultivated taxa (OTU representatives A9
(1.3% of isolates obtained in this study), C11 (7.5%) and
C1 (6.3%)) represented novel phylotypes within genera
Pseudomonas and Lysobacter. Isolate sequences affiliated
with Alphaproteobacteria shared ≤97% sequence identity
with known species of genera Sphingomonas (B3, 2.5%),
Bosea (C5, 1.3%) and Agrobacterium (A3, 6.3%). We
further cultivated members of Firmicutes, a group that

was not found in Pajsarjeva jama using a cultivationindependent approach. Their 16S rRNA sequences
were not closely related (95%-97% sequence identity)
to validly described species of genera Paenibacillus (E2,
5%), Bacillus (E7, 1.3%; H9, 1.3%) and Aerococcus (F10,
1.3%). Phenotypic characteristics of the presumably
novel taxa listed above are presented in Table 2.
The majority of cave isolates reported here were
obtained
on
multiple
media.
Microbacterium,
Micrococcus, Oerskovia, Paenibacillus, Pseudomonas,
Rhodococcus, Streptomyces, Agrobacterium, Lysobacter
and Arthrobacter species were obtained from PY-BHI,
SCA, SEA, TSA and TWA. A group of isolates belonging
to genus Pseudomonas was obtained on GAA and MYA
media. Bacillus species were obtained only on TSA and
SCA. Finally, isolates belonging to the genera Bosea,
Kocuria and Sphingomonas were isolated only on TWA
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Table 2. Phenotypic features of presumably novel isolates detected in this study.
Isolate name

PJC1

PJA9

PJC11

PJE2

PJB3

PJC5

PJA3

PJA11

Proposed
phylogenetic
affiliation

Lysobacter sp.

Pseudomonas sp.

Pseudomonas sp.

Paenibacillus sp.

Sphingomonas
sp.

Bosea sp

Agrobacterium sp.

Micrococcus sp.

Colony
pigmentation on
TSA medium

Pale-yellow

White

White

White

White

Cream

White

Yellow

Cell shape

Rods

Rods

Rods

Rods

Rods

Rods, straight to
curved

Rods

Cocci

Gram stain

Negative

Negative

Negative

Positive

Negative

Negative

Negative

Positive

Oxidase

Negative

Positive

Positive

Positive

Negative

Positive

Positive

Positive

Catalase

Positive

Positive

Positive

Negative

Negative

Positive

Positive

Negative

Glucose
fermentation

Glucose
fermentation

Esculin hydrolysis

Reduction of
nitrates to nitrites

Esculin hydrolysis

Reduction
of nitrates to
nitrogen

Esculin hydrolysis

Glucose
fermentation

Gelatin hydrolysis

Arginin hydrolysis

Urea hydrolysis e

Indole production

β-galactosidase

Gelatin hydrolysis

Esculin hydrolysis

Urea hydrolysis

Esculin hydrolysis

Biochemical characteristics (API 20NE)

Assimilation of (API 20NE)
D-glucose

β-galactosidase
D-glucose

D-glucose

D-mannitol

D-glucose

D-mannose

D-glucose

D-glucose

L-arabinose

L-arabinose

N-acetylglucosamine

L-arabinose

Potassium
gluconate

L-arabinose

D-maltose

D-mannose

D-mannose

D-mannitol

D-mannose

Phenylacetic acid

D-mannitol

D-mannitol

Potassium
gluconate

D-mannitol

Potassium
gluconate

N-acetylglucosamine

Adipic acid

N-acetylglucosamine

Capric acid

potassium
gluconate

Malic acid

D-maltose

Adipic acid

Capric acid

Trisodium citrate

Malic acid

Malic acid

Malic acid

Trisodium citrate

Trisodium citrate

Glycerol

Galactose

D-glucose

Glycerol

Glycerol

Ribose

Ribose

Galactose

Ribose

D-glucose

Esculin

Erythritol

Erythritol

Esculin

Amidon

D-glucose

Galactose

D-fructose

L-arabinose

L-arabinose

β-gentiobiose

D-fructose

D-glucose

D-mannose

Ribose

Ribose

D-fucose

D-mannose

D-fructose

Maltose

D-xylose

D-xylose

L-fucose

N-acetyl
glucosamine

D-mannose

Lactose

Galactose

Adonitol

Esculin

Maltose

Mannitol

Saccharose

D-glucose

β methyl-xyloside

Lactose

Sorbitol

Trehalose

D-fructose

β methyl-xyloside

Saccharose

Esculin

D-mannose

Galactose

Trehalose

Maltose

N-acetyl
glucosamine

D-glucose

D-tyranose

Lactose

Arbutine

D-fructose

D-tyranose

Saccharose

Esculin

D-mannose

Esculin

Trehalose

Salicine

L-sorbose

Gluconate

Maltose

Sorbitol

Esculin

Lactose

N-acetyl
glucosamine

Amidon

Amygdaline

Glycogene

Cellobiose

β-gentiobiose

Lactose

Esculin

Maltose

Acid production from (API 50CH)

Saccharose
Trehalose
Esculin

medium and isolates related to Agrococcus only on SEA.
The pre-treatments did not increase the diversity of
isolates obtained in pure culture. In fact, only a single
isolate was obtained exclusively from a pre-treated
sample (microwave irradiation, a non-Streptomyces
actinomycete). Some differences in diversity of pure
cultures were observed if the isolates were grouped

with respect to sample colour (Table 3). Twelve isolates
originated from the yellow sample, 29 from grey, 15 from
white and 24 from a pink coloured sample. Common to
all samples were the abundant groups belonging to the
genera Agrobacterium and Streptomyces, while isolates
belonging to Rhodococcus, Pseudomonas, Paenibacillus,
Micrococcus and Arthrobacter were present in at least
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Table 2 (continued). Phenotypic features of presumably novel isolates detected in this study.
Isolate name

PJH9

PJE7

PJD12

PJD8

PJF3

PJG4

PJF10

Proposed phylogenetic
affiliation

Bacillus sp.

Bacillus sp.

Oerskovia sp.

Arthrobacter sp.

Streptomyces sp.

Streptomyces sp.

Aerococcus sp.

Colony pigmentation on
TSA medium

White

White

Pale yellow

White

Cream

White

White

Cell shape

Rods

Rods

Branched filaments

Rods to cocci

Filaments

Filaments

Cocci

Gram stain

Positive

Positive

Positive

Positive

Positive

Positive

Oxidase

Positive

Positive

Positive

Positive

Positive

Positive

Negative

Catalase

Negative

Positive

Negative

Positive

Positive

Negative

Negative

Biochemical characteristics (API 20E)

(API Coryne)

(API Strep)

Fermentation of
D-glucose

Citrate utilisation

Nitrate reduction

Nitrate reduction

Alkaline
phosphatase

Alkaline
phosphatase

Pyrolidonyl
arylamidase

Fermentation of
arabinose

Urea hydrolysis

β-galactosidase

Pyrolidonyl
arylamidase

β-galactosidase

β-galactosidase

Acidification of
lactose

Fermentation of
D-glucose

α-glucosidase

Alkaline
phosphatase

N-acetyl
β-glucosaminidase

N-acetyl
β-glucosaminidase

Acidification of
trehalose

Fermentation of
D-mannose

N-acetyl
β-glucosaminidase

β-galactosidase

Fermentation of
D-mannitol

Gelatin hydrolysis

Acidification of
inuline

Fermentation of
saccharose

β-glucosidase

Gelatin hydrolysis

Fermentation of
D-maltose

Fermentation of
D-maltose

α-haemolysis

Gelatin hydrolysis

Fermentation of
D-glucose

Fermentation of
D-glucose

Fermentation of
ribose

Fermentation of
ribose

Fermentation of
xylose

Fermentation of
xylose

Fermentation of
maltose

Fermentation of
maltose

Fermentation of
mannose
Fermentation of
saccharose

Acid production from (API 50CH)
Glycerol

L-arabinose

Glycerol

Glycerol

Glycerol

Rhamnose

Ribose

D-glucose

Ribose

Erythritol

Erythritol

L-xylose

Esculin

Galactose

D-fructose

Galactose

L-arabinose

Ribose

Adonitol

Maltose

D-glucose

Mannitol

D-glucose

D-arabinose

D-xylose

D-mannose

Trehalose

D-fructose

N-acetyl
glucosamine

D-fructose

Ribose

L-xylose

L-sorbose

Melezitose

D-mannose

Maltose

D-fructose

D-xylose

Adonitol

Mannitol

D-tagatose

Salicine

Saccharose

Salicine

Galactose

β-methyl xyloside

α methyl-Dmannoside

Gluconate

Cellobiose

Trehalose

Cellobiose

D-glucose

N-acetyl
glucosamine

5 ceto-gluconate

Maltose

D-raffinose

Maltose

D-fructose

Arbutine

Lactose

D-turanose

Lactose

D-mannose

Salicine

Saccharose

Esculin

Saccharose

N-acetyl
glucosamine

Cellobiose

Trehalose

Trehalose

Amygdaline

Maltose

Inuline

β-gentiobiose

Arbutine

Melibiose

D-fucose

Esculin

D-raffinose

L-fucose

Cellobiose

D-turanose

2 ceto-gluconate

Maltose

D-arabitol

2 ceto-gluconate

Saccharose

Gluconate

Trehalose

5 ceto-gluconate

Amidone
Glycogene
Xylitol
β-gentiobiose
D-turanose
D-lyxose
Gluconate
Esculin
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Fig. 3. ML tree showing the phylogenetic position of OTU representatives (prefix 'cave bacterium PJ') belonging to Proteobacteria and Firmicutes.
Numbers at nodes (>75%) indicate percentages of 1000 bootstrap resamplings. Sequences with prefixes 'uncultured gamma proteobacterium
clone PJM' and 'uncultured alpha proteobacterium clone PJM' originate from a previous study (Pašić et al., 2010).

two different samples. The remaining isolates were
sample-specific and represented a minor portion of
diversity encountered.
In 2010, Jurado et al. reported on the widespread
occurrence
of
pathogenic
and
opportunistic
microorganisms in caves. The caves were found to support
a number of pathogenic bacteria that included species of
Micrococcus, Pseudomonas, Bacillus, Stentrophomonas
and Aureimonas. All these were found to cause infections
of the respiratory organs and eyes in new-borns, children
and elderly (Jurado et al., 2010). More recently, Bhullar
et al. (2012) reported that cave microbes are often
highly resistant to commercial antibiotics, despite their
long-term isolation from the surface. The results of this
study add to the growing understanding of potential

health risks associated with cave tourism. A number
of bacterial isolates obtained in this study are affiliated
with pathogenic bacteria, namely with Bacillus idriensis,
Pseudomonas simiae, Kocuria kristinae, Microbacterium
paraoxydans, and Rhodococcus erythropolis. All these
species were reported to cause bacteraemia in humans
and apes (Laffineur et al., 2003; Ma et al., 2005; Ko et al.,
2006; Vela et al., 2006; Baba et al., 2009).
On the source of cave microbes
A major goal of this study was to contribute to the
current knowledge on the source of cave microbes.
To this aim, we compared our sequences to a subset
of 12301 16S rRNA sequences that originated from
cave environments and that were present in GenBank
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database on January 29th, 2013 (Table 3). We found
that isolate and environmental 16S rRNA sequences
≥97% similar to OTUs sequences recovered in this study
were reported from the walls and ceilings of a number of
subterranean environments that differ widely in geology,
e.g. from Pajsarjeva jama in Slovenia (Porca et al., 2012)
formed though dissolution of limestone by carbonic acid,
from Lechuguilla cave, formed by dissolution of limestone
by sulfuric acid (Johnston et al., 2011), and from lava
tubes formed by volcanic activity (Northup et al., 2011).
Furthermore, members of genera Bacillus, Micrococcus,
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Arthrobacter, Paenibacillus, Streptomyces, Oerskovia, and
Microbacterium were recently reported in an aerobiological
study, which examined human-induced environmental
disturbances in Ardales cave in Spain (Fernandez-Cortes
et al., 2011). This study concluded that cave microbes are
likely dispersed as spores or attached to particles through
action of wind and turbulence or through the impact of
splashes of cave water droplets (Fernandez-Cortes et al.,
2011).
It is interesting that the representative 16S rRNA
sequences of OTUs affiliated with Rhodococcus,

Table 3. The similarities of 16S rRNA sequences of OTU representatives detected in this study to 16S rRNA sequences present in GenBank.
Presumably novel taxa (≤97% sequence identity to cultivated species) are indicated in bold.

*

Isolate name

Isolate obtained from
sample*

Description of
the most similar
sequence

GenBank accession
number

% Identity

Query coverage %

Most similar
sequence origin

GenBank reference

PJ A3

Y, G, W, P

Agrobacterium sp.
LC034

JN863451

98.8

97.0

Lechuguilla Cave,
USA

Johnston et al., 2012

PJ A9

P

Pseudomonas
fluorescens R124

M001561

98.3

85.5

Orthoquartzite cave
surface

Barton et al., 2012,
unpublished

PJ A11

G, W, P

Micrococcus sp.
LC402

JQ014545

99.2

96.5

Lechuguilla Cave,
USA

Johnston et al., 2012

PJ B3

G

Uncultured bacterium
clone CC01f45b11

JQ675472

97.6

100

Carlsbad Caverns,
New Mexico Room,
USA, water sample

Hughes et al., 2012,
unpublished

PJ C1

G

Uncultured bacterium
clone GA21498a09

JN607002

97.5

97.9

White microbial mat
from lava tube wall,
Gruta das Agulhas
, Terceira, Azores,
Portugal

Northup et al., 2011

PJ C10

Y

Kocuria rosea strain
MM1-1

JX144942

97.0

98.0

Biofilm in Mawsmai
cave, India

Banerjee and Joshi,
2013

PJ C11

Y, P

Uncultured bacterium
clone YCaltP17B3

HE602891

98.9

100

Macroscopic yellow
colony cave wall
sample from Altamira
cave, Spain

Porca et al., 2012

PJ C3

Y, G, P

Uncultured
Rhodococcus sp.
clone EC34BH03

JN032369

96.6

97.1

Cave

Johnston et al.,
2012

PJ C5

P

Bosea sp. LC484

JQ014392

98.1

99.0

Lechuguilla Cave,
USA

Johnston et al., 2012

PJ D11

G

Agrococcus sp.
LC476

JQ014288

99.0

93.8

Lechuguilla Cave,
USA

Johnston et al., 2012

PJ D12

P

Oerskovia
paurometabola strain
0410ARD15N_4

FR848425

98.8

96.3

Air from a cave

Fernandez-Cortes et
al., 2011

PJ D8

G, P

Arthrobacter
mysorens strain
DSM 12798T

AJ617482

98.2

92.3

Alpine ice cave

Margesin et al. 2003,
unpublished

PJ E2

Y, G

Uncultured
bacterium clone
GTM1017c09

JN600577

94.9

92.3

Tan microbial mat
from lava tube
wall, Gruta Terra
Mole, Terceira,
Azores,Portugal

Northup et al., 2011

PJ E4

P

Microbacterium sp.
GGC-P14

FJ348038

99.3

95.5

Cave coralloid
speleothem, Wayne
county, Kentucky,
USA

Banks et al., 2010

PJ E5

G

Agrobacterium sp.
LC034

JN863451

95.9

96.8

Lechuguilla Cave,
USA

Johnston et al.,
2012

PJ E7

Y

Uncultured Bacillus
sp. clone WeeA_A07

JN032377

98.4

95.3

Cave

Johnston et al., 2012

PJ F10

P

Bacillus sp. GGCP5A1

FJ348046

92.0

93.0

Cave coralloid
speleothem, Wayne
county, Kentucky,
USA

Banks et al., 2010

PJ F2

Y, G

Rhodococcus sp.
LC412

JN863511

99.5

90.5

Lechuguilla Cave,
USA

Johnston et al., 2012

PJ F3

Y, G, W, P

Streptomyces sp.
strain 1912

EU073049

99.6

95.9

Balatini cave,
Derebucak, Konya,
Turkey

Isik et al., 2007,
unpublished

PJ G4

Y

Streptomyces
sampsonii strain
PM350_DR016

JQ422172

96.8

97.7

Helmcken Falls
Cave, Wells Gray
Provincial Park, BC,
Canada

Cheeptham et al.,
2013

PJ H9

W

Firmicutes bacterium
00YJ4

EU810836

99.2

98.6š

Cave of Doña
Trinidad, Ardales,
Malaga, Spain

Stomeo et al., 2008,
unpublished

Abbreviations Y, W, G and P correspond to yellow, white, grey and pink cave microbial colony sample.
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Paenibacillus,
Agrobacterium,
Aerococcus
and
Streptomyces (16.4% of isolates) corresponded
to organisms more distantly related (92.0-96.8%
sequence identity) to cave organisms. However, these
organisms were related (≥97% sequence identity)
to freshwater (Rhodococcus, Paenibacillus), soil
(Agrobacterium, Streptomyces), or host-associated
(Aerococcus) bacteria.

CONCLUSION
We isolated 80 morphologically different bacterial
isolates from samples of microbial colonies that
develop on the walls of Pajsarjeva jama in Slovenia.
Viable counts increased with a decrease in inoculum
size and were reduced if samples were exposed to pretreatments. All growth media yielded viable counts,
however these were highest on a low-nutrient TWA
medium. We obtained 21 species-level OTU and found
Agrobacterium and Streptomyces in all samples.
We found a number of isolates was unrelated to
validly described species. Although the obtained
isolates likely represent a minor portion of diversity,
they appear to be widespread in subterranean
environments, judging from the distribution of highly
related 16S rRNA gene sequences.
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Abstract:

This article deals with doline degradation due to uncontrolled waste dumping in the past in the
Logatec Polje in Slovenia. It introduces a concept for determining 3D geometric characteristics
(shape, depth, radius, area, and volume) of formerly concave landforms (i.e., recently filled
dolines) by using a combination of two methods: (1) photogrammetric stereo processing of
archival aerial photographs and (2) electrical resistivity imaging (ERI). To represent, visualize,
and study the characteristics of the former surface morphology (i.e., the dolines before
they were filled), a digital terrain model (DTM) for 1972 (DTM1972) was made using digital
photogrammetry processing of five sequential archival aerial photographs (1972, © GURS).
DTM1972 was visually and quantitatively compared with the DTM5 of the recent surface
morfology (DTM5, © GURS, 2006) in order to define areas of manmade terrain differences.
In general, a circular area with a higher terrain difference is an indicator of a filled doline.
The calculated terrain differences also indicate the thickness of buried waste material. Three
case-study dolines were selected for 3D geometric analysis and tested in the fi eld using
ERI. ERI was used to determine the genetic type of the original doline, to confirm that the
buried material in the doline is actually waste, and to ascertain opportunities for further study
of water pollution due to waste leakage. Based on a comparison among the ERI sections
obtained using various electrode arrays, it was concluded that the basins are actually past
concave landforms (i.e., dolines) filled with mixed waste material having the lowest resistivity
value (bellow 100 ohm-m), which differs measurably from the surrounding natural materials.
The resistivity of hard stacked limestone is higher (above 1,000 ohm-m) than resistivity of
cracked carbonate rocks with cracks filled with loamy clay sediments while in loamy alluvial
sediment resistivity falls below 150 ohm-m. Nevertheless, the contrast is sufficient to confirm
the landfilled waste in all studied dolines. Based on the resistivity values of buried waste
and the proximity of furniture and paper factories in the Logatec Polje, it is assumed that the
dolines are filled with organic waste, mostly wood material mixed with other waste (municipal,
construction, and demolition waste), which causes the variability of electrical resistivity.
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INTRODUCTION
Dolines as a typical karst landform have been the
sites of various traditional activities in Slovenia for
centuries. These activities include arable farming,
gardening, pasturing, and water supply. In the Karst
region, for example, such features stand out with a
density of as many as 150 dolines per km², and in
the karst Podgrad Lowland there are even 240 per
km² (Ciglič et al., 2012). However, features that
reflect the effort and ingenuity of past generations
(traditionally cultivated dolines and dry rock walls)
are also disappearing (Urbanc et al., 2004; Mihevc,
2005; Ravbar & Kovačič, 2013).
*mateja.breg@zrc-sazu.si

This article introduces one of the most critical
karst areas in Slovenia, the Logatec Polje (29
km²). After the Second World War, the number of
inhabitants in Logatec (the main urban center of
the polje) grew rapidly, especially from 1970 to 2002
(7,616 inhabitants) (SURS, 2002). In the last fifty
years, almost 77% of the dolines have vanished, at
the rate of almost ten dolines per year (Breg, 2007).
During industrialization and urbanization, karst
depressions were filled with various waste, the
largest share of which was household waste, as well
as industrial and agricultural waste. Construction
and demolition material was deposited only as the
final covering (Bricelj, 1988). Many dolines were
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intentionally filled in and leveled with various waste
material. For example, 12,000 m³ of embankment
material (railway mounds from the former railway
connection from Logatec to Idrija) was used
in extensive agricultural meliorations in 1986
(Bricelj, 1988). Even today, farmers in the Pusto
Polje (the northern part of the Logatec Polje) still
fill alluvial subsidences with alluvium or inert
waste. In combination with growing migration (to
the vicinity of the capital, Ljubljana) and increased
interest in new or better housing (cheaper than
in the capital) in the Logatec Polje, filling dolines
with construction waste continues. Some authors
(Rathje, 1991; Hjelmar et al., 1995; Wall & Zeiss,
1995; Kruempelback & Ehrigh, 1999; Röhrs et
al., 2000; Fourie & Morris, 2004) suggest that
waste may remain active for many decades and
even for hundreds of years, depending on the
physical conditions. Studies of such impacts
usually examine water pollution (Kogovšek, 2011;
Kogovšek & Petrič, 2012). Water that percolates
through the buried waste is saturated with acids
and contaminants. It can penetrate faster and
deeper into the vadose zone, which results in
increasingly faster penetration of contaminants
through the vadose zone (Kogovšek & Petrič, 2012).
In the final phase of such phenomena, which take
many decades or longer, relatively rapid transfer
of contaminants through the aquifer all the way to
karst springs with minimal self-cleansing effects
can be expected (Kogovšek, 2011).
The main problem in Slovenia is that filled dolines
are mostly unrecognizable in the recent landscape
because the filled area has become level with the
surrounding terrain and is generally overgrown
with vegetation or even built up. Their locations are
unknown to the general public as well as to spatial
planners, spatial development decision-makers,
and unfortunately to water-supply companies as
well. Not being able to determine the amount and
type of waste also represents an unpredictable
problem in karst hydrogeology and water supply.
Thus the main goal is to study the locations of
potentially filled dolines, to determine the genetic
type of the original doline, to confirm that the
buried material in the doline is actually waste, and
to ascertain opportunities for further study of water
pollution due to waste leakage. A 3D reconstruction
was performed by focusing on dolines before they
were filled. The first phase included generating a
digital terrain model (DTM) of the former landscape
from 1972 (DTM1972) to reconstruct the geometry,
depth, and type of doline. Electrical resistivity
imaging (ERI) was used as a control method to
verify the results of the 3D analysis and to obtain
additional data about the original landform and
buried waste. The hypothesis is that the electrical
resistivity of buried waste materials in former
dolines differs from the electrical resistivity of
the host rock (limestone or loamy sediment). The
resistivity of buried material also differs regarding
the type of waste (organic, mineral, construction
and demolition, hazardous industrial sludges, etc.).

MATERIALS AND METHODS

Study region and sites
The Logatec Polje is an overflowing karst polje
measuring 29 km² (Mihevc, 1985). Most of this
karst polje lies on dolomite, whereas limestone
at the plateau elevation represents a 10 to 15 m
higher rock cut terrace (Pleničar & Buser, 1970;
Fig. 1). The characteristics of dolines in the area
studied are basically a result of hydrogeological and
climatic conditions (annual precipitation is 1,900
mm) and karst processes (solution, suffusion, and
subsidence) that are continuously reshaping the
terrain of the Logatec Polje and the surrounding
plateau. The spatial distribution of the dolines in
the Logatec Polje and on the plateau is conditioned
by the lithological characteristics of the host
rock. Thus, zones with different doline types may
be distinguished (Fig. 1). The zone on limestone
contains mostly solution dolines and collapse
dolines, whereas the zone on dolomite contains
shallow solution dolines. In addition, some dells can
be found here (Komac, 2003, 2006). Dolines inside
the polje are formed and are still forming in alluvial
(Quaternary) deposits through suffusion processes;
various authors refer to these as suffusion dolines
(Ford and Williams, 2007), cover dolines (Sauro,
2003; Beck, 2003), alluvial dolines (Gams, 2003),
or subsidences. Three filled dolines (Fig. 1) whose
locations were also studied previously (Breg, 2007)
were selected for detailed geometric reconstruction
and electrical resistivity survey. Doline 1 (Fig. 2)
lies in heavily karstified limestone bedrock (porous
Lower Cretaceous strata; Pleničar & Buser, 1970)
and is a typical solution doline. The surrounding
area is an industrially degraded area around the
KLI company, which has manufactured wooden
furniture since 1953. In its geological structure,
Doline 2 (Fig. 3) is a suffusion doline located on a
completely flat area of the polje with predominantly
carbonate (crushed) rock in its foundation
(dolomite or intermittent oolitic limestone and some
noncarbonate Triassic slate) covered by Quaternary
fluvial deposits with an average thickness of 3
to 4 m (Pleničar & Buser, 1970). The area has a
predominantly agriculture character, but also
features long-term paper and cardboard production
(the Valkarton company). Agriculture and modern
agricultural melioration projects were oriented
toward leveling the entire area. There are almost no
preserved dolines in the area. The Doline 3 casestudy site (Fig. 4) is located on the southern part
of the Logatec Polje, named also Brojsko polje.
The doline lies in Quaternary alluvium (Pleničar
& Buser, 1970) and was traditionally used as
a meadow until the 1970s (before filling) and is
also used as such now (after filling). The area is
characterized by the Logaščica River, which sinks
into the karst underground nearby (at the Jačka
Ponor). Due to the limited capacity of ponors (15 to
20 m³/s), floods occur (Mihevc, 1985). Almost all
of the dolines in the Brojsko Polje were completely
artificially filled.
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Fig. 1. The zonation of the Logatec Polje shows the predominant types of dolines in relation to the type of host rock. The locations of three case-study
filled dolines (Dolines 1, 2, and 3) are marked in relation to the urban area and location of industrial plants (the Valkarton company and the KLI company)
that produced the main share of industrial waste (organic waste, industrial sludge, etc.) in the Logatec Polje in the second half of the twentieth century.

3D stereo image processing
Stereo image processing was applied to extract
3D geometry of the original dolines before they were
filled with waste. Transforming the imagery into
3D geoinformatic data involves several processes
commonly associated with digital photogrammetry.
The most important result of photogrammetric
methods (and extremely useful in spatial research) is
DTM, a digital representation of heights of a specific
area. Through various processing steps, 3D data can

be automatically extracted and collected from archival
aerial photographs. Stereo image processing is possible
when a stereo effect is established. This means that at
least two sequential aerial photographs (a stereo pair)
must overlap to a satisfactory extent (usually 60% to
80%) and the optical axes are not overly convergent
(Triglav et al., 2000; Kraus, 2007). Selected archival
aerial photographs from 1972 show the landscape of
the Logatec Polje before major degradation processes
and original doline landforms before they were filled.
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Fig. 2. The meadow in the lower part of the image is Doline 1, which was
recently completely filled with waste and overgrown. The waste was
poorly covered or not covered at all. A shallow layer of anthropogenic soil
is developing above it with pioneer and invasive plants.

Fig. 3. Filled Doline 2 was a smaller doline in the northern part of
Logatec Polje (i.e., the Pusto Polje), near the Valkarton paper and
cardboard factory. The surface of the filled doline is slightly concave
(< 1 m deep) and vegetated with ruderal vegetation (orchard grass,
Dactylis glomerata) and eutrophic vegetation (common nettle,
Urtica dioica), which visually differ from typical meadow plants in the
surroundings. (Photo: Tatjana Benčina Bedene, 2012)

Fig. 4. Doline 3 is in the southern part of the Logatec Polje (i.e.,
the Brojsko Polje). Until recently it was completely unrecognized
as concave karst landform. The surface above the buried waste is
covered with dandelions (Taraxacum officinale) in the spring.

The DTM1972 (Fig. 5) generation was carried out
for an area of five sequential aerial photographs of the
same photographed strip, with at least 60% overlap of
the selected photographs (© GURS, 1972).
The procedure includes determining the interior
orientation (fiducial marks, focal length, and lens
distortion), exterior orientation (ground control points
and flight position of camera), and aero triangulation
(Triglav et al., 2000; Kraus 2007). The main problem in
stereo image processing of archival aerial photography
is accurate triangulation due to lack of calibration
reports (they were usually lost) that includes important
interior orientation measures of the camera. The
calibration report of the WILD RC-8 camera for the
Special Aerial Survey (SAS) 1970 was used and the
calibrated values for interior orientation were included
in the sensor model. The DTM1972 for the study region
was produced using Erdas Imagine 2011 software
with LPS (Leica Photogrammetry Suite and Automatic
Terrain Extraction module, © Erdas, 2011). DTM1972
was used to identify dolines in the former landscape
and to obtain the 3D geometry of an individual doline.
Multi-temporal DTM analysis
Multi-temporal terrain analysis was performed
to obtain data on doline depth corresponding to
the thickness of buried waste in the doline. The
stereo-processed DTM1972 of the former landscape
and stereo-processed DTM5 of the more recent
landscape from 2006 (© GURS 2006) were visually
and quantitatively compared. DTM5 is a detailed 5
m pixel presentation of today’s surface morphology
prepared for all of Slovenia with processing of aerial
stereo photographs from 2006. Basic mathematical
calculations (minus) were made to determine the
manmade terrain differences in the period studied.
The results are represented graphically as areas of “1
to 5 m higher terrain” (Fig. 6, orange). Not only the
quantitative difference but also visually recognized
circular orange shapes of higher areas are the
indicators of filled dolines.

ERI MEASUREMENTS
The geometry and the depth of three case-study
dolines were evaluated in the field using ERI. ERI
techniques are useful for exploring sediments and
understanding surface morphology development
(Komac, 2006). This methodology is widely used in
researching doline issues, mostly oriented towards
hydrological and geomorphological analyses, and less
toward environmental studies and doline degradation.
Previous applications of the ERI method in studying
various karst landforms (collapse dolines, solution
dolines, blind valleys, caves, etc.) in Slovenian karst
showed that the resistivity value for carbonate rock
exceeds 1,000 ohm-m and can reach very high values
(30,000 ohm-m) (Stepišnik & Mihevc, 2008; Stepišnik,
2008, 2011). For soil and weathered bedrock, the
resistivity values are approximately between 200 and
1,000 ohm-m, and loamy material has resistivity
values lower than 150 ohm-m (Stepišnik & Mihevc,
2008; Stepišnik, 2008, 2011).
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Fig. 5. DTM1972 is a 3D visual reconstruction of terrain in 1972. It is visualized in two different transparent layers (shaded terrain and hypsometric
terrain) that are overlaid on a topographic map (1:5,000; elevation data from the same decade). The quality of DTM1972 enables visual and
quantitative study of doline geometry before filling.

Fig. 6. Manmade terrain differences (orange) in the Logatec Polje between 1972 and 2006 generally indicate filled dolines.
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Buried waste is very heterogenic and it has a high
primary porosity, many interconnected pore spaces,
and consequently high conductivity and low resistivity.
The resistivity value varies regarding the age and
the stage of waste degradation (2.0–100 ohm-m).
Georgaki et al. (2008) noted that a resistivity ranging
from 0.21 to 4.00 ohm-m represents fresh organic
waste saturated with leachate. When resistivity
increases to between 4.00 and 20.00 ohm-m, the
section represents fresh organic waste mixed with
small amounts of cover material. Resistivity above
20.00 ohm-m and up to 50.00 ohm-m implies that
the waste has a higher inorganic content or that
organic waste is older (Georgaki et al., 2008). For a
measurable electrical resistivity contrast between the
waste material and the background rocks, deposits,
or soils, electrical resistivity measurement should be
a useful method for imaging the depth and geometry
of dolines filled with waste.
This study used a Super Sting R1/IP (© AGI –
Advanced Geosciences, Inc., Austin, TX) device
with five cables of four electrodes to produce twodimensional (2D) models of the subsurface. They
represent and visualize the resistivity changes both
vertically and horizontally along the survey line.
The measurements on the same section of surveyed
dolines were repeated using two array types:
Schlumberger and dipole-dipole. Generally, in cases
in which horizontal structures were emphasized, the
Schlumberger array was used, and in cases where
vertical depth penetration and high resolution were
of high importance, the dipole-dipole array was
used. The use of different electrode arrays over karst
formations was studied by Zhou et al. (2008), who
concluded that the use of the dipole-dipole array is
the most suitable method for assessing dolines or
sinkholes in carbonate rocks. Komac (2006) used the
Schlumberger array to study the genesis and shape
of dells, whereas Ravbar & Kovačič (2010) used the
Wenner array. This study investigated the differences
between the host rock and the buried waste with a
Schlumberger array (72 measurements) and with a
dipole-dipole array (117 measurements).

RESULTS AND DISCUSSION
Doline 1
Detailed 3D reconstruction of Doline 1 before it
started being filled in 1972 (Fig. 7, upper left corner)
showed that this is a case of longitudinally shaped
doline with longer radius of 85 m, a shorter radius
Table 1. The characteristics of electrical resistivity sections in casestudy dolines.
CASESTUDY
DOLINE

DATE
of
measurement

HUMIDITY

LENGTH
(meters)

NUMBER
of
electrodes

SPACING
between
electrodes
(meters)

POSITION
of doline
and section
(figures)

DOLINE
1

26 Apr 2012

After
rainfall

78

20

4

1, 2, 7, 8, 9

DOLINE
2

27 Apr 2012

After
rainfall

56

20

3

1, 3, 10,
11, 12

DOLINE
3

29 Mar 2012

Dry
season

78

20

4

1, 4, 13, 14

of 46 m, a maximum depth of 9 m, and an average
area of 3,230 m². Multi-temporal analysis of terrain
(visual and automated) showed that recently, in
2006 (Fig. 7, right images), Doline 1 no longer had
its original concave form but was leveled with the
surrounding terrain.
The results of the electrical resistivity survey
(Figs. 8 and 9) confirmed that Doline 1 is located in
heavily karstified limestone bedrock (porous Lower
Cretaceous strata) as determined on the geological
map (Pleničar & Buser, 1970) (Fig. 1) and also that
this is a typical solution doline, obviously filled
with allogenic material. Schlumberger and dipoledipole type arrays were applied on the same crosssection to obtain additional data on the 3D geometry
of the doline, and to obtain better information on
the waste type/structure and higher reliability
of measurements. Regarding inversion images of
both sections (Figs. 8 and 9), it was concluded that
the basin is a doline 7 to 10 m deep. Dipole-dipole
array measurements penetrated 2 m deeper than the
Schlumberger array (12.5 m) and enabled a better
insight into the doline shape and geomorphology. The
buried material (Figs. 8 and 9, marked blue) has on
average lower resistivity than all of the surrounding
natural materials. Hard stacked limestone has the
highest resistance (marked red). The resistivity of
natural loamy deposits in the bottom is higher than
resistivity of waste and is in accordance to reference
values for loamy deposits (Stepišnik & Mihevc 2008,
Stepišnik, 2008, 2011). There is a thick soil or cover
layer on top with a resistivity higher than waste and
lower than limestone. The resistivity corresponds to
the loamy soil, which may be saturated with water.
Regarding resistivity contrast, it is assumed that
the concave landform is filled with waste material
(marked blue) with low resistivity (below 60 ohm-m)
due to higher porosity of waste material and to higher
moisture (water, leachate) content. In line with the low
resistivity values and proximity of the furniture factory,
it is assumed that the doline is filled with organic
waste, mostly wood material. Higher resistivity values
of filled material indicate mineralized organic waste
that can be mixed with municipal or construction
waste. It may indicate that the waste material is
gradually becoming rich in inorganic content or that
the waste presents low leachate concentrations,
which can be explained either by the mineralization
of the organic fraction or primarily by the presence of
greater amounts of cover material (soil). Considering
the long time period (two decades or more) of waste
landfilling, it can be assumed that the organic waste
is older.
Doline 2
Original unfilled Doline 2 is a smaller doline (Fig. 10).
Regarding the results of 3D reconstruction and multitemporal DTM analysis, the doline had a longer radius
of 20 m, a shorter radius of 15 m, and a depth of 3 m.
According to the geological map (Pleničar & Buser,
1970) (Fig. 1), Doline 2 is on the border between hard
stacked limestone (west) and loamy alluvium (east)
deposited above carbonate rocks. These geological
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Fig. 7. Aerial photographs (bottom images)—as the input data for stereo image processing and generation of DTM (upper images)—enable 3D
reconstruction of Doline 1 before and after it was filled. The ERI profile was positioned on potentially filled Doline 1 with the following profile
characteristics: length 78 m, number of electrodes 20, distance between electrodes 4 m.

Fig. 8. Measured electrical resistivity section of Doline 1 applying a Schlumberger array.

predispositions were also confirmed with ERI profiles,
shown in Figs. 11 and 12. The ERI method reveals
that there are actually different limestones under
the alluvium that have varying resistivity, not only

hard stacked limestone. The stacked limestones have
a greater resistivity than the cracked and fractured
limestones with clay-filled loams because all of this
has an effect on the rock moisture. After analyzing both
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Fig. 9. Measured electrical resistivity section of Doline 1 applying a dipole-dipole array.

Fig. 10. Aerial photography (bottom image) and DTM (upper images) enabled visual and 3D reconstruction of Doline 2 before and after filling.

sections, it was concluded that suffusion Doline 2 lies
in the contact between cracked limestone and loamy
deposits. The blue color in the middle indicates a 2 to
3 m layer of buried waste with the lowest resistivity
that differs from the surrounding material, comprised
of loamy alluvium and fractured limestone filled with
loam. It can be assumed that the organic waste from

industry in combination with organic municipal waste
prevails and was mixed and covered with loamy soils
during agricultural melioration in the 1980s.
The dipole-dipole section (Fig. 12) also shows an
interesting funnel-shaped doline filled with waste
(blue), which points to leaking material seeping into the
lower-lying soil or sediment layer (green) and deeper
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Fig. 11. Electrical resistivity section through Doline 2, using a Schlumberger array.

Fig. 12. Electrical resistivity section of Doline 2, using a dipole-dipole array.

into the karst underground, correlating with recent
suffusion processes. Because the measurements were
made after heavy rainfalls, increased water drainage
through waste into the karst underground could
have been expected. The data inversion was repeated
several times using different input parameters in
order to confirm that this was a case of leakage. Based
on the results obtained, this thesis cannot be entirely
confirmed because the plume did not show the same
intensity in every case. In order to unequivocally
prove this thesis, it would be necessary to repeat the
measurements in different time periods, after heavy
rainfall and testing different arrays, as well as in a
dry period to determine the landform characteristics.
Regarding the type of doline and the high annual
precipitation (1,900 mm) the suffusion processes are
still very active in reshaping the terrain of the polje.
The plume may be an indicator for the direction of the

suffusion processes. In addition to natural sediments,
residuals of mixed waste are also transmitted into the
karst underground.
Doline 3
The visual comparison of aerial photographs from
different times (1972 and 2006; Fig. 13) indicates
some important geometric changes in the landscape
of Doline 3 and some elements of land degradation.
In the black-and-white aerial photography from
1972, case-study Doline 3 can be interpreted as
a concave circular landform on the basis of darker
colors (shadows) in the bottom of the doline. In
the color photograph from 2006, the doline is
recognizable as a brighter greenish-gray area that
coincides with circular areas and indicates a drier
surface (construction and demolition waste) than the
surrounding loamy alluvium. The location and shape
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of the original Doline 3 can be successfully recognized
in the field in vegetation patterns, especially in the
spring (Fig. 4). Blossoming dandelion (Taraxacum
officinale) is concentrated on the circular area of the
filled doline, reflecting the ground (soil) differences
on the area of the filled doline in comparison to
surrounding meadow vegetation. Case-study Doline
3 is recognizable in terrain from 1972 as a concave
landform and as a flat surface in terrain from 2006
(Fig. 13). The original unfilled Doline 3 had a longer
radius of 30 m and a shorter radius of 25 m, as
determined with 3D reconstruction. Based on the
results of multi-temporal DTM analysis, the depth of
the doline is up to 5 m.
The ERI sections (Figs. 14 and 15) feature the
basin in rocks with higher ground resistivity but do
not express extreme contrast with the host rock.
These may be fractured and loam-filled limestone or
dolomites, as in the case of Doline 2, or loam sediment
saturated with water. The borders cannot be precisely
determined due to the small resistivity contrast.
The low-resistivity (waste) material was shown to be
lying in the middle, just beneath the surface, with a
developed anthropogenic soil layer on top by testing
two array methods: Schlumberger and dipole-dipole.
There are two large clusters of waste inside the
doline (blue) with slight breaks with a slightly higher
resistance, which may indicate different waste. The
sectional profile demonstrates that this is actually

one large doline marked on Fig. 15. The measured
depth of the basin is approximately 6 m, according
to the level of gradient from a lower to higher ground
resistance.

CONCLUSIONS
Stereo image processing is a successful method for
the geomorphological study of filled dolines. Some
basic characteristics of original doline landforms before
they were filled were detected: shape, depth, and type
of doline. Using 3D reconstruction of former surface
morphology and multi-temporal terrain analysis,
based on DTM1972 and DTM5 (2006), all three dolines
were confirmed as concave objects in 1972 and as
a flat surface in 2006. The study shows that visual
analysis of aerial photographs alone is not sufficient
for recognizing all dolines and should be complemented
with stereo image processing. Doline 1 cannot be
precisely determined in black-and-white archival
aerial photographs (Fig. 7, bottom left corner) because
it is surrounded by high trees that prevent visual
recognition of the circular shape and concaveness.
In contrast, both suffusion dolines (Dolines 2 and 3)
are evidentially smaller, shallower landforms inside
agricultural land (a meadow and tilled field) and
relatively well recognizable in the aerial photographs.
ERI is a helpful method for the geomorphological
study of filled dolines in combination with

Fig. 13. Electrical resistivity was measured on potentially filled Doline 3, with the following profile characteristics: length: 78 m, number of
electrodes: 20, distance between electrodes: 4 m
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Fig. 14. Electrical resistivity section of Doline 3, using a dipole-dipole array.

Fig. 15. Electrical resistivity section of Doline 3, using a dipole-dipole array.

stereo image processing. Using ERI, some basic
characteristics of original doline landforms before
they were filled were detected: shape, depth, and type
of doline. This offers reliable results in combination
with stereo image processing and 3D reconstruction
of the former surface morphology. Dipole-dipole
array measurements penetrated deeper than those
using a Schlumberger array and enabled better
insight into doline shape and geomorphology. In the
case of solution dolines (Doline 1), a high contrast
in resistivity of host rocks and buried waste was
measured, enabling determination of the landform
boundary (geomorphology) between the bedrock and
the buried waste, doline depth, and the thickness of
bottom loamy sediment and manmade cover layer.
Thus it can be concluded that ERI is successful for the
study of solution dolines. Suffusion dolines (Dolines 2
and 3), in comparison to solution dolines, are smaller,
shallower, and formed in unconsolidated sediments,
where the resistance of host rock is generally less
different from the unconsolidated buried waste. The

small size and shallowness of suffusion dolines and
fuzzy resistivity contrast between waste and rock
make it difficult to accurately determine the shape
and depth of suffusion dolines. Nevertheless, the
contrast is sufficient to confirm the landfilled waste.
It can be concluded that ERI is a successful
method for the environmental study of filled dolines.
It is suitable for imaging the depth and geometry of
dolines filled with waste, where there is a measurable
electrical resistivity contrast between the waste
material and the background rocks, deposits, or soils.
The resistivity of waste in all of the case studies is
significantly lower than the surrounding carbonate
rock or even loamy alluvium. Higher resistivity of
waste implies that the waste has a higher inorganic
content or that the proportion of organic waste is
either very low or the organic waste is very old (i.e.,
mineralized). Regarding the low resistivity values of
buried waste, proximity of an urban area, and two
factories mostly dealing with organic raw materials
(furniture, paper, and cardboard production using
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Komac
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geographica
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Abstract:

Keywords:

Domica Cave is located in the Slovak Karst National Park in southern Slovakia. Heterotrophic
cultivable psychrophilic and mesophilic microbiota were confirmed to be prevalent in this cave.
Escherichia coli was the most abundant bacterium, followed by Enterobacter species and
Serrratia species. Enterobacter cloacae isolates belong to the group of faecal contaminants
(coliforms) of concern in water. Their status in cave ecosystem is questionable, but we
observed E. cloacae in water samples all years round suggesting an autochthonous origin.
We were concerned with possible contamination of the cave water with resistant E. cloacae
from animal farms located 2-3 km from the cave. We tested 36 aquatic isolates of E. cloacae
from Domica Cave to β-lactam resistance. The majority of tested isolates were resistant to
more antibiotics (from 3 to 10), 5 isolates were resistant to more than 10 antibiotics, and 1
isolate was resistant to ampicillin. Resistance to the broad spectrum of β-lactams correlated
with resistance mechanisms due to an expression of blaTEM, blaSHV and blaCTX-M genes. The
majority of isolates possessed a combination of tested resistance genes. We assume a
direct impact of long-term human agricultural activities in the area of the Domica Cave to the
conserved microbiota of karst system.
Domica Cave; karst water system; Enterobacter cloacae; β-lactam resistance
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INTRODUCTION
In spite of extended research in microbiota of caves
located in different sides of the world over the past
10–20 years, our knowledge has still been limited
(Jurado et al., 2010; Saiz-Jimenez, 2012; Vanderwolf
et al., 2013). Microorganisms play a significant role in
cave ecosystems, mainly due to their contribution in
building speleothems, circulation of matter in aphotic
ecosystem and their participation in biotic interactions
(Barton & Northup, 2007; Jones, 2010; Bauermeister
et al., 2012). There is a difference between natural
endokarst communities of microorganisms, so
called autochthonous microbiota and transient
allochthonous microbiota (Farnleiter et al., 2005;
Pronk et al., 2008). The ratio between both groups
can change in regard to many stimuli like season and
weather, rain events (Dussart-Baptista et al., 2003;
Goldscheider et al., 2010), cave tourism (FernandezCortes et al., 2011; Saiz-Jimenez, 2012), or due to using
chemical components to control lampenflora growth
*bujdakova@fns.uniba.sk

in show caves (Bastian et al., 2009). An important
factor affecting protected locations is building villages
or animal farms nearby which may be a source
of pollution (Martinez, 2009). The karst system is
extremely sensitive to infiltration with polluted water
contaminated by bacteria or pharmacologically
active substances (Brandon et al., 2010; Einsiedl et
al., 2010; Morasch, 2013). Escherichia coli and total
coliform bacteria including members of the genus
Enterobacter are conventional indicators of microbial
contamination (WHO, 2006). Antibiotics used in
prevention and treatment of animal diseases, and to
increase animal growth have still been one of the major
factors of pollution despite the recommendation of
the European Union on the prudent use of antibiotics
and on a coordination between human and veterinary
antibiotic policy (EFSA, 2010; Obeng et al., 2012;
Harnisz, 2013). Prevalence of antibiotics in agriculture
may result in violation of ecosystem with an impact
to micro- and macrobiota located in these conserved
biotopes due to a dissemination of bacteria carrying
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different resistance determinants (Wright et al. 2010,
Eisenberg et al., 2011; Wellington et al., 2013).
Our research studied groundwater karst system of
the Domica show cave (Fig. 1) located in the south
of Slovakia in which resistant Enterobacter species
(spp.) have been detected. Previous information
about microbial composition of this cave suggested
that members of the genus Enterobacter belong to
the dominant mesophilic microbiota isolated from
water (Seman & Gaálová, 2009). Generally, among
Enterobacter spp., Enterobacter cloacae has occupied a
leader position as bacterium of an environmental origin
as well as a source of human diseases (Baudart et al.,
2011; Pavlovic et al., 2012). This species (sp.) has been
frequently identified like nosocomial pathogen with a
high ability to adopt and spread resistance against a
variety of antibiotics (Mezzatesta et al., 2012; Radu et
al., 2012). These bacteria have very often possessed
resistance to β-lactams, the most frequently used
antibiotics (Danziger & Neuhauser, 2011; Page,
2012) due to TEM or SHV ESBLs (extended spectrum
β-lactamases) production (Coque et al., 2008; Dhillon
& Clark, 2012; Korzniewska & Harnisz, 2013), and
CTX-M ESBLs have been identified more frequently as
well (Livermore et al., 2007; D’Andrea et al., 2013).
This work represents an original and exclusive
research documenting a total number of cultivable
microorganisms and a spectrum of collected
enterobacteria in the Domica Cave. Additionally,
3 animal farms are situated nearby this cave, so
β-lactam resistance in selected E. cloacae originating
from the cave water was investigated.

a wintering place for bats, site of rare underground
invertebrates, and a famous locality of Neolithic man
(Bella, 1997; Jakál et al., 2008).

MATERIAL AND METHODS
Sample collection
The water samples were seasonally collected
aseptically into sterile 100 ml dark glass bottles from
2007 to 2011 from various sites of the subterranean
streams in Domica Cave (Fig. 1). The first sampling
site was the groundwater stream Styx near Roman
Spa (D1), the second was the Ponor of the Domický

DESCRIPTION OF DOMICA CAVE
The Domica is a part of Domica-Baradla cave system
on the Slovakian-Hungarian boundary. The length of
Domica Cave in Slovakian side is 5,368 m, whereas
the whole system with Baradla is 25,564 m long. The
protected area of the Domica Cave is 616,6892 ha. The
main cave channel is created by underground stream
Styx, with an older, dry cave level in fragments above
it. The youngest phreatic level is also composed of
fragments and it is situated about 20-47 m below the
main active passage (Gaál, 2008). The underground
waters of Styx and younger phreatic channels rise
to the surface in Jósva Spring near Jósvafő Village
in Hungary. The main part of the catchment area of
Styx stream overlies in Slovakia and in past, it was
polluted several times due to agriculture activities.
Establishment of a protected area in the year 2005
improved this unfavorable state. The cave system was
created in Triassic limestone but its development was
strongly influenced by non-karstic rocks of old river
cover (gravel, sand and clay), in its direct vicinity.
Some occasional streams flow on this cover sinking
into underground spaces through ponors at the
limestone/gravel contact. These occasional streams
create some lateral channels in the cave system ending
with the Styx stream (e.g., Domický Brook in Slovakia
and Little Baradla, Acheron stream and Retek branch
in Hungary). The air temperature in the Domica Cave
is between 9-10°C. The Domica Cave is well-known as

Fig. 1. The map of the Domica Cave with selected sampling sites.
D1 – groundwater stream Styx near Roman Spa; D2 – the Ponor of
Domický Brook, D3 – the Diamond Cruise (II. Cruise).
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Brook, surface brook after entering into the cave (D2),
and the third sampling site was the Diamond Cruise
(II. Cruise), mixed water of the Styx and Domický
Brook (D3). Samples were transferred in a portable
refrigerator (5-8°C) and processed within 24 h after
collecting (according to ISO standard for microbiology
analysis of water quality, EN ISO 19458, 2007).
Cultivation of microorganisms
One ml of each water sample was inoculated to
Mueller-Hinton Agar (HiMedia, India). Colonies of
microorganisms were formed at 22°C (psychrophilic
microorganisms) for 72 h or at 36°C (mesophilic
microorganisms) for 48 h according to Häusler, 1994.
After incubation, the colony forming units (CFU) were
counted.
Identification of enterobacteria
Bacteria were cultivated on MacConkey Agar
(HiMedia, India) at 36°C for 48 h. They were identified
by the biochemical identification system ENTEROtest
24 with TNW Lite 6.5 program (Erba-Lachema,
Czech Republic). Serratia marcescens CCM 303 and
Enterobacter cloacae CCM 1903 were used as reference
standard strains for verification of biochemical
identification sets. Additionally, 6 reference strains
of the genus Enterobacter: E. cloacae CCM 1903, E.
aerogenes CCM 7797, E. amnigenus CCM 3430, E.
cowanii CCM 7015, E. gergoviae CCM 3459, and E.
asburiae CCM 4032 were used in the study. Reference
strains were obtained from the Czech Collection of
Microorganisms (CCM).
DNA extraction
All strains were grown on Mueller-Hinton Agar
(HiMedia, India) at 37°C for 24 h. One full loop of
colonies was suspended in 300 µl of sterile deionised
water and boiled for 10 min at 95°C. After centrifugation
at 12,000 x g for 8 min at 4°C, the supernatants were
recovered and 2 µl was directly used as the template
for PCR.
tDNA and universal PCR, restriction with BstBI
and DdeI enzymes
For tDNA, specific set primers T3B (5´- AGG TCG
CGG GTT CGA ATC C-3´) and T5A (5´- AGT CCG
GTG CTC TAA CCA ACT GAG-3´) (Invitrogen, USA,
Clementino et al., 2001) were selected. Universal
primers for 16S rRNA U1 (5´- CCA GCA GCC GCG
GTA ATA CG-3´) and U2 (5´- ATC GGY TAC CTT GTT
ACG ACT TC-3´) (Invitrogen, USA, Lu et al., 2000)
were used for PCR. The PCR reaction (20 µl) contained
4 µl of 5x HOT FIREPol Blend Master Mix (with 12.5
mM MgCl2) (Solis BioDyne, Estonia), 0.4 µl of relevant
primers (all per 2 pmol), 13.2 µl of sterile deionised
water, and 2 µl of DNA template. Conditions of tDNA
PCR were as follow: denaturation at 95°C for 12 min,
then denaturation at 94°C for 30 s, annealing at 50°C
for 30 s, extension at 72°C for 2 min (35 cycles), and
additional extension at 72°C for 10 min. The program
for universal PCR consisted of denaturation at 95°C
for 12 min followed with denaturation at 94°C for 1
min, annealing at 55°C for 1 min, extension at 72°C
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for 2 min (35 cycles), and additional extension at 72°C
for 10 min. The PCR products were used for restriction
with BstBI (2500 U BMI Fermentas, Germany) and
DdeI (500 U BMI Fermentas, Germany) enzymes.
Restriction mix contained 0.2 µl of BstBI enzyme or
DdeI enzyme, 2 µl of 10x Buffer Tango with BSA (MBI
Fermentas, Germany), 12.8 µl of sterile deionised
water, and 5 µl of PCR product. Restriction was
performed in thermoblock MD-01 (Major Science, USA)
at 37°C for 2 h. Then 2 µl of 6x DNA Loading Dye (MBI
Fermentas, Germany) were added to stop the reaction.
Ultra PowerTM Nucleic Acid Stain (5 µl) (BioTeke, China)
was applied into gel during its preparation. A sample of
10 µl of the PCR product (or restriction product) was loaded
onto 1% agarose gel. Electrophoresis was performed at
100 V for 120 min in 1x TBE (Tris-borate-EDTA buffer, pH
8.3). For comparison, 100 bp Plus DNA Ladder Gene
RulerTM (MBI Fermentas, Germany) was used. DNA
was visualized with UV-transilluminator MUV21-312220 (Major Science, USA) at wavelength 254 nm.
Disk diffusion assay and Combination disk
diffusion assay
Assays were performed according to the
recommendation of CLSI, M2-A10, 2009a, and
CLSI, M100-S19, 2009b. Briefly; one loop of 24 h
old culture was suspended in broth (Mueller-Hinton
Broth, HiMedia) and incubated to log phase growth.
The suspension was diluted in sterile water (1:1000)
and then 100 µl was inoculated on MHA plate. The
disks containing antimicrobial agents were applied on
plates within 15 min of inoculating. For disk diffusion
assay, following antibiotics (Bio-Rad, France) were
tested: ampicillin (10 µg), carbenicillin (100 µg),
amoxycillin-clavulanic acid (20/10 µg), ampicillinsulbactam (10/10 µg), cefazolin (30 µg), cefalotin (30
µg), cefaclor (30 µg), cefuroxime (30 µg), cefoxitin (30
µg), cefprozil (30 µg), cefonicid (30 µg), ceftazidime (30
µg), ceftizoxime (30 µg), and cefepime (30 µg). Plates
were incubated at 37°C for 18 h and the inhibition
zones were measured. For combination disk diffusion
assay, disks with cefotaxime (30 µg), cefotaximeclavulanic acid (30/10 µg), ceftazidime (30 µg), and
ceftazidime-clavulanic acid (30/10 µg) were tested
(Bio-Rad, France).
PCR for detection of blaSHV, blaTEM, and blaCTX-M genes

For each type PCR, appropriate pairs of primers
(Metabion, Germany) were selected: GRA1 (5´- ATG
CGT TAT ATT CGC CTG TG-3´) and GRA2 (5´- GTT
AGT GTT GCC AGT GCT CG-3´) for detection of the
blaSHV gene (Babini & Livermore, 2000); TEM-A (GTA
TGG ATC CTC AAC ATT TCC GTG TCG) and TEM-B
(ACC AAA GCT TAA TCA GTG AGG CA) for detection
of the blaTEM gene (Stapleton et al., 1995); MA1 (ATG
TGC AGY ACC AGT AA) and MA2 (ACC GCR ATA TGR
TTG GT) for detection of the blaCTX-M gene (Saladin et
al., 2002). Each PCR reaction (20 µl) consisted of 4
µl of 5x HOT FIREPol Blend Master Mix (with 12.5
mM MgCl2) (Solis BioDyne, Estonia), per 2 pmol of
appropriate primers, 13.2 µl of sterile deionised water,
and 2 µl of DNA. The programs for every PCR were
designed independently according to publications
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with mentioned primer sets. PCR products were
visualized as described.

RESULTS AND DISCUSSION
Microorganisms are regular inhabitants of different
niches including caves. The composition of cave
microbiota is affected by many environmental factors
independent of human activities, but also those
ones directly associated with human impact like an
import of microorganisms through mass tourism in
show caves (Saiz-Jimenez, 2012). Another possible
risk effect represents nearby animal farms because
of groundwater contamination (Sapkota et al., 2007;
Martinez, 2009). Our research studied a proportion of
heterotrophic cultivable bacteria isolated from waters
of the Domica Cave; it was mainly focused at diversity
among enterobacteria, and resistance to β-lactams in
Enterobacter cloacae, one of the dominant mesophilic
bacterial species. In the period of 2007-2011, 17
sample collections were realized from 3 sampling sites
(D1, D2, D3, Fig.1) during the years 2008 - 2009 the
water samples were collected seasonally. In the years
2007 - 2010 and in the year 2011, the samples were
taken only in autumn and winter because of rainfall
deficiency. The data confirmed two dominant groups
of heterotrophic cultivable microbiota belonging
to psychrophilic and mesophilic microorganisms
that are able to survive at low temperature (9-10°C)
in cave during a year. Numbers of psychrophilic
microorganisms ranged from 102 to 103 CFU/ml and
numbers of mesophilic microorganisms ranged from
101 to 102 CFU/ml. Both groups of microorganisms
are widely distributed in the karst caves (Khyzniak
et al., 2003; Semikolennykh et al., 2004). The
majority of microorganisms were recovered in
summer and spring, periods which are generally
characterized by frequent rainfall or snow melt. From
the hydrochemical point of view, the groundwater
stream Styx near Roman Spa (D1) belongs to CaHCO3 type, with dominant HCO3 anions and Ca2+
cations. The average daily temperature of the water is
around 9.3°C. The primary chemical composition of
the Ponor of the Domický Brook (D2) largely depends
on quality of rainwaters. Water of the Ponor of the
Domický Brook predominantly belongs to Ca-HCO3
type, or less Ca-Mg-HCO3, Ca-HCO3-SO4 or Ca-MgHCO3-SO4 type, with dominant Ca2+ and Mg2+ cations
and HCO3- anions, less SO42-, Cl- and NO3- anions. The
average daily temperature of the water in this location
is around 9.8°C. For the water from Diamond Cruise
(II. Cruise, D3), there are dominant HCO3, Ca2+ and
Mg2+ ions, which determine the Ca-HCO3 type (Gazda,
1974; Haviarová et al., 2010). The average daily
temperature of the water is around 10°C. The water
pH of all sampling sites is slightly alcaline. Haviarova
et al. (2010) summarized more chemical parameters
and microbiological indicators of water quality in the
Domica Cave water system. The problem concerning
water contamination has also been described from
the hydrochemical and microbiological point of view
in other related caves in Slovak karst: Krásnohorská
Cave, Diviačia Chasm and Attilova Chasm (Motyka et

al., 2005), Milada Cave (Haviarová et al., 2011), SilicaGombacek cave system (Haviarová et al., 2012), and
in Demänovský Cave System, Low Tatra Mountains
(Motyka et al., 2005).
Enterobacteriaceae is a group of mesophilic bacteria
associated with environmental pollution. Many
studies from cave environments are attended to this
group, mainly in regard to an association with faecal
contamination of soil, karstic waters or cave walls
(Personé et al., 2004; Lavoie & Northup, 2006; Pronk et
al., 2008). In this study, 285 isolates of enterobacteria
were identified among mesophilic microorganisms
(Fig. 2) with Escherichia coli (112 isolates) as the
most abundant bacterium. This microorganism was
collected mainly in summer of 2008 and 2009 that
probably resulted from the several rainfalls during
those years. E. coli belongs to the coliform bacteria
which are monitored in waters as faecal indicators
of water pollution (WHO, 2006). The second most
dominant Enterobacteriaceae isolated belonged in
the Enterobacter genus (53 isolates). E. cloacae (36),
E. amnigenus (5), E. dissolvens (4), enteric group 69
(4), E. gergoviae (3), and E. cancerogenus (1) were
identified.
According to Leclerc et al. (1997), Enterobacter spp.
have been included in allochthonous microbiota like
E. coli in both drinking and ground waters. However,
in this research, Enterobacter spp. were not found to
be seasonable present in the water samples collected
from all sampling sites. This observation suggests an
autochthonous origin of collected Enterobacter spp., as
these bacteria were recovered regardless of sampling
season and occurred in various areas of cave.
Concerning this information, it seemed to be
interesting to search for possible origin and resistance
profile of E. cloacae from Domica Cave. In the immediate
area of Domica Cave, there are 3 animal farms located
within 2-3 km (Fig. 3), thus probable contamination
from these farms might be assumed. In the 1970s,
more than 500 cows were kept in animal farms Dlhá
Ves and Kečovo villages. During that time, veterinary
drugs containing the combinations of amoxicilline
with clavulanic acid were served on a mass scale to
animals. At present, the livestock in Dlhá Ves has
been stopped. Ferdi-Ranch (horse and cow farm
between Dlhá Ves and Domica) still has cradled 75
pieces of black cattle and Kečovo village has several
cows and sheep which are pastured on the watershed
of the Domica Cave. Until now, commercially
available preparations containing amoxicillin with
clavulanic acid has been still applied, but in a limited
amount and only for therapeutic reasons (personal
communication with local veterinarian).
Thirty six E. cloacae showing the same profile as the
reference strain E. cloacae CCM 1903 in ENTEROtest
24 were selected for the resistance study; 9 isolates
were collected from the site D1, 12 from the site D2
and 15 from the site D3. Prior to the study of β-lactam
resistance, identification of E. cloacae was completed
by molecular biology: the universal PCR with
restriction by BstBI and DdeI enzymes and the tDNA
PCR. Universal PCR amplified fragment of the gene
encoding 16S rRNA was used for restriction analysis
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Fig. 2. Spectrum of isolated enterobacteria from the Domica Cave.

in order to discriminate the genus Enterobacter
from the other bacterial genera (Lu et al., 2000). All
our tested isolates showed the same profile like the
majority of the reference Enterobacter strains (Fig. 4).
Only E. cowanii CCM 7015 showed a different profile.
The tDNA PCR method (Clementino et al., 2001)
allows distinguishing some spp. of Enterobacter like
E. cowanii, E. aerogenes, E. gergoviae, E. asburiae,
E. amnigenus, and E. cloacae (Fig. 5). Both methods
confirmed that selected E. cloacae were correctly
identified. All these isolates were submitted for the
study of β-lactam resistance.
At present, an increasing prevalence of the
problematic clinical isolates of E. cloacae with the broad
spectrum β-lactam resistance has been documented
(Jaskulski et al., 2013). Among bla genes, blaTEM has
been identified as the most frequently occurring type

of gene encoding β-lactamases (Jaskulski et al., 2013).
All E. cloacae were tested for susceptibility/
resistance to penicillin and β-lactam antibiotics and
the results are summarized in Tab. 1. There was
only 1 isolate resistant to ampicillin. Other isolates
were resistant to more antibiotics (mostly from 3
to 10) and 5 isolates were resistant to more than
10 antibiotics. We did not observed differences in
susceptibility of tested isolates in regard to isolation
site. Additionally, 18 isolates were detected as the
ESBL producers by combination disks assay when
ceftazidime and combination of ceftazidime-clavulanic
acid was used, and 1 isolate when cefotaxime and
combination of cefotaxime-clavulanic acid was
applied. These results suggested the presence of
bla genes. Therefore, another aim of our work was

Fig. 3. Map of catchment area of the Domica Cave (the cave is
marked with black color, red line is the surface of protected cave
area. Red rectangles characterizes agricultural areas: 1. Agricultural
cooperation in Dlhá Ves village, 2. “Ferdi ranch” (horse farm), 3.
Agricultural cooperation in Kečovo village.

Fig. 4. Electrophoresis of the universal PCR (upper line) and the
restriction with BstBI and DdeI enzymes (bottom line)
M- DNA ladder 100 bp Plus, 1. E. cloacae, 2. E. aerogenes, 3. E.
gergoviae, 4. E. asburiae, 5. E. amnigenus, 6. E. cowanii, 7 - 9.
aquatic isolates of E. cloacae.
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Table 1. Testing susceptibility to antibiotics in 36 aquatic isolates of Enterobacter cloacae.

No. of resistant isolates/

penicillin with
inhibitors

cephalosporin

penicillin

of β-lactamases

1. gen.

AM

CB

AMC

AMS

CZ

CF

CEC

CXM

FOX

CPR

CID

CAZ

CIZ

FEP

34/94

26/72

21/58

9/25

26/72

31/86

14/39

10/28

23/64

18/50

29/81

18/50

9/25

9/25

2. gen.

4.
gen.

3. gen.

% of resistant isolates

AM – ampicillin (10 µg); CB – carbenicillin (100 µg); AMC – amoxicillin-clavulanic acid (20/10 µg); AMS –
ampicillin-sulbactam (10/10 µg); CZ – cefazolin (30 µg); CF – cefalotin (30 µg); CEC – cefaklor (30 µg); CXM –
cefuroxim (30 µg); FOX – cefoxitin (30 µg); CPR – cefprozil (30 µg); CID – cefonicid (30 µg); CAZ – ceftazidime
(30 µg); CIZ – ceftizoxime (30 µg); FEP – cefepime (30 µg)

to detect bla genes (blaTEM, blaSHV, blaCTX-M) encoding
TEM-, SHV- and CTX-M type β-lactamases. Genes
for blaTEM were detected in 8 isolates, genes for blaSHV
were determined in 7 isolates, and genes for blaCTX-M
encoding CTX-M type β-lactamases were confirmed
in 9 isolates. Three isolates possessed a combination
of blaSHV and blaCTX-M genes and 2 isolates expressed
all three types of bla genes tested. There were not
detected any bla genes in 15 isolates. The occurrence
of bla genes in selected aquatic isolates is presented
in the Fig.6. Some previous reports pointed to the
phenomenon of the incidence of antibiotic resistance
determinants in bacteria originating from caves or
extreme biotopes (Brown & Balkwill, 2009, Thaller
et al., 2010). Moreover, Bhullar et al. (2012) in their
study concerning macrolide resistance suggested that
antibiotic resistance is natural and ancient. In contrast,
Kemper (2008) concluded that using antibiotics in
animals results in occurrence of resistant bacteria in
soil and waters. In this relation, there is a question
whether resistance to β-lactams of the 3rd and 4th
cephalosporin generation could be naturally present
in cave microbiota. We implicate observed resistance
in E. cloacae isolated from the Domica Cave with the
long-term activities of neighboring animal farms and

continuous antibiotic pressure, despite the fact, that
current animal pharmacy use is more restricted in
agreement with the recommendation of the European
Union. Moreover, as E. cloacae is a characteristic
member of the transient allochthonous microbiota
and our enterobacteria were isolated regardless of
season, it might be expected that they were imported
to the cave by underground water during the rains.

Fig. 5. Electrophoresis of the tDNA PCR M- DNA ladder 100 bp Plus,
1. E. cowanii, 2. E. aerogenes, 3. E. gergoviae, 4. E. asburiae, 5. E.
amnigenus, 6. E. cloacae, 7 - 8. aquatic E. cloacae isolates

Fig. 6. Electrophoresis of the PCR detection of bla genes in aquatic E.
cloacae M - DNA ladder 100 bp Plus, 1-2 gene blaTEM, 3-4 gene blaSHV,
5-6 gene blaCTX-M

CONCLUSIONS
The results of our investigation revealed the
prevalence of heterotrophic cultivable microbiota
from psychrophilic and mesophilic microorganisms
in the Domica Cave. The dominant bacterium
was E. coli followed by the genus Enterobacter
from enterobacteria. Showed β-lactam resistance,
especially, to the 3rd and 4th cephalosporin generations
and resistance mechanisms in isolates of E. cloacae
obtained from waters of the Domica Cave indicated an
external source of resistance gene contamination. The
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group of resistance determinants, found also in this
work, is usually located on mobile elements and the
antibiotic pressure contributes significantly to their
horizontal transfer among bacteria. Observation of
the resistant E. cloacae isolates in protected area of
the Domica Cave suggests close relationship between
quality of surface (including ground and waters)
nearby the cave and its aquatic ecosystem. Taken
together, determined resistance in aquatic E. cloacae
isolated from Domica Cave can be an example of the
anthropogenic pressure that might affect natural
microbiota of conserved ecosystems.
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Abstract:

The role of soil compositions in influencing groundwater geochemistry in carbonate aquifers
is still little known. Nothing is known regarding the influence of pyroclastic soils (andisol)
within the carbonate Apennines in central-southern Italy, despite their wide distribution. In this
study we analyze some physical and chemical properties of pyroclastic soil at the Acqua dei
Faggi experimental site (southern Italy), to assess its influence on groundwater geochemistry.
Chemical analyses were carried out on saturated paste extracts and a physical analogue
model was developed through two column experiments. Physico-chemical properties of
rainwater and spring water, and some microbiological features of the soil medium were also
taken into consideration.
The studied soil has a great influence in modifying rainwater chemistry during percolation.
About the 50% of HCO3- and Ca2+ in spring water is due to interaction between percolation
water and soil medium, and equilibrium with calcite is reached at this stage. The Na+/K+ ratio is
buffered by clay minerals in the soil by primary silicates in the pyroclastic cover. Cl- and SO42concentrations in spring water are very close to that of soil infiltration water during short-term
interaction with soil, but a decline is showed during long-term cause to the anions adsorption
effect in the andisol. Chemical and microbiological investigations show the existence of a soil
microbial community that allows denitrification and nitrate reduction. Infiltration processes
cause anoxic conditions within the soil medium, therefore the absence of NH4+ in spring water
throughout the observation period should be due to anammox processes. These findings
suggest that hydrochemistry and spring chemographs may be significantly influenced by
several factors, such as relationships between soil and rainwater, vegetation, and microbial
communities, which are not necessarily correlated with lithological and structural features of
carbonate aquifers.
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INTRODUCTION
Relatively little is known regarding the role of
soil compositions in influencing groundwater
geochemistry in carbonate aquifers (e.g., Tooth &
Fairchild, 2003; Musgrove & Bunner, 2004), with
emphasis on Italian settings. Nothing is known
regarding the influence of pyroclastic soils within
the carbonate Apennines in central-southern Italy,
despite their wide distribution. Yet, the influence of
soils may be of particular relevance in such carbonate
environments due to rapid water infiltration and
flow through the carbonate rocks, and the diffuse
interaction between infiltration water and pyroclastic
*fulvio.celico@unipr.it

soil (Celico et al., 2004; Allocca et al., 2008; Naclerio
et al., 2008). In the wider context of the whole Italian
carbonate Apennines, soil of different origin can play
an important role in influencing some hydrochemical
features, as hypothesized in some studies (e.g., Tallini
et al., 2005).
The role of soil on groundwater geochemistry is
governed not only by soil composition but also by
grain size distribution and hydraulic features of soils.
For example, in south eastern Australia Bennetts et
al. (2006) and Edwards & Webb (2006) found that
infiltration water that percolates rapidly through thin
and permeable soils retains a rainfall-like chemical
signature, while infiltration water that percolates
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slowly through a clay-rich soil has its chemistry
significantly modified with respect to rainwater.
This is different from carbonate aquifers, within the
Italian Apennines, where the topsoil has a different
origin.
With regard to soils formed in volcanic ejecta, it
is known that they contain a large accumulation of
organic carbon, whose preservation results from burial
of soils by repeated addition of volcanic ash, chemical
interactions with non-crystalline inorganic materials
and physical protection from microaggregation that
these materials impart to the soil structure (Eswaran
et al., 1993). Microbial mineralization of such organic
carbon produces CO2, therefore enhancing carbonate
dissolution in the limestone bedrock after percolation
through the pyroclastic cover. Within the carbonate
Apennines oxidation processes of organic carbon
are enhanced by application of fresh manure for
agricultural purposes in karstic depressions, and
by spreading of fecal matter in pasture areas. In
woodland, the existence of deciduous species instead
of coniferous ones further enhances CO2 production
through root respiration (Raich & Schlesinger, 1992;
Risk et al., 2002), thus promoting karstification in a
wide portion of the Apennines (Celico et al., 2010).
The main scope of this study was to analyze some
physical and chemical properties of the pyroclastic
soil at the Acqua dei Faggi experimental site (southern
Italy), to assess its influence on groundwater
geochemistry.
Physico-chemical
properties
of
rainwater and spring water, and some microbiological
features of the soil medium were also taken into
consideration.

DESCRIPTION OF THE FIELD SITE
The Acqua dei Faggi experimental site at Longano in
the Molise region (Fig. 1) consists mainly of limestone,
and subordinately of marly limestone and marls
(Monte Calvello Formation, Cretaceous-Oligocene;
Pescatore, 1963). The aquifer boundaries are lowpermeability fault zones that compartmentalize the
aquifer system. However, some tectonic discontinuities
allow significant groundwater flowthrough, and
interdependence of hydraulic heads upgradient and
41°15’00”

downgradient of these faults has been observed
(Celico et al., 2006). The aquifer behaves as a basinin-series system, where seasonal springs occur along
some fault zones (Celico et al., 2006). Temporary
springs may flow depending on relationships between
low-permeability fault cores and karst conduits, that
locally interrupt the low-permeability barrier (Petrella
et al., 2009a). At basin scale, the groundwater flows
westwards towards the perennial spring (Fig. 1). All
springs are characterized by irregular hydrographs.
The discharges go from a few to some hundreds litres
per second.
The carbonate medium is laterally and vertically well
connected in the subsurface and the fracture spacing is
sufficiently dense to apply the continuum approach to
describe groundwater flow at the metric scale (Petrella
et al., 2007). A significant vertical heterogeneity of the
carbonate bedrock has been found, due to differences
in fissuring and karstification with depth. The
epikarst is made up of two horizons. An upper part
diffusely karstified, which lies below pyroclastic soil,
and a lower part subordinately karstified (Petrella
et al., 2007; Celico et al., 2010). Darcy’s law can be
applied in this epikarst portion, and groundwater flow
is expected to be laminar also in the upper epikarst
and in the underlying fractured bedrock (Petrella et
al., 2008). The longitudinal dispersivity calculated
(Petrella et al., 2008) in the upper epikarst at the metric
scale (2.42 m) shows variations in the velocity field in
the direction of flow typical of carbonate systems at
the same experiment scale (Schulze-Makuch, 2005).
Differently, the longitudinal dispersivity in the lower
epikarst (0.13 m) is typical of other consolidated
rocks, such as sandstones, basalts and granites.
These findings further support that, on the whole,
the studied carbonate aquifer behaves mainly as a
fractured medium.
The hydraulic head responds rapidly to recharge
events, due to fast and diffuse rainwater infiltration.
The permeability contrast at the base of the epikarst
is not large enough to cause significant retention
of percolation and water storage in a temporary
perched aquifer during rainwater infiltration. Thus,
any funneling in larger shafts significantly influences
the aquifer behaviour (Petrella et al., 2007), and the
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Fig. 1. Hydrogeological map (1 quaternary deposits; 2 marls and clays; 3 marls and marly limestone; 4 limestone; 5 dolostone; 6 fault; 7 perennial
spring; 8 seasonal springs; 9 temporary spring; 10 main groundwater flow direction; 11 rainwater sampler [RWS2]).
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aquifer is diffusely recharged by rainwater infiltration
(Petrella et al., 2009b; Petrella & Celico, 2013).
Carbonates generally lie below a soil of pyroclastic
origin (Celico et al., 2004) that can be classified as
Vitric Andosol (as defined by FAO, 1988). The soil is
characterized by (Naclerio et al., 2008) high organicmatter content (20% to 35%), fibrous structure,
specific-gravity values ranging from 2.1 g/cm3 to 2.4
g/cm3, uniformity coefficient ranging between 3 and
9, and a prevailing sandy loam texture (as defined
by the US Department of Agriculture, 1979). The
hydraulic conductivity ranges between 6.5 · 10-6 and
6.3 · 10-5 m/s (Naclerio et al., 2009a, 2009b) allowing
a diffuse and rapid rainwater percolation.
Pasture areas cover 55% of the site, while a
deciduous beech woodland (Fagus sylvatica L.) covers
45%. Cattle grazing (several hundreds of heads)
is observed throughout the year within grassland,
and manure is spread in karstic depressions for
agricultural purposes.
The Thornthwaite water budget method was used
to provide an estimate of net infiltration. The results
obtained indicate that all groundwater recharge
during an average year occurs from October to June.
The major recharge event occurs from December to
April. In July, August and September, the weather
is warm and evapotranspiration generally exceeds
precipitation. The annual average rainfall level in the
study area is 1240 mm, and the annual average net
recharge is 630 mm (approximately 51% of the annual
average rainfall level). These values were estimated
based on precipitation and temperature data recorded
over an 80-year period (1921 to 2000).

METHODOLOGY
Water sampling
Spring water samples for chemical analyses were
collected on a weekly basis at the perennial spring (980
meters above sea level [m asl], Fig. 1), from October
2006 to October 2007.
Rainwater samples for chemical analyses were
collected at a rain sampler (RWS2 in Fig. 1) located
within the aquifer system, at 1014 m asl. The sampling
was carried out on a weekly basis, from October 2006 to
October 2007. Ten-liter polyethylene bottles containing
about 300 ml of vaseline oil to prevent evaporation
processes even under very hot summer conditions were
used to collect the samples. Oil contamination was
carefully avoided while syringing the water samples out
of the bottle. The precipitation compositions obtained
by this approach reflect wet-fall and soluble dryfall (Cryer, 1986). They are believed to more closely
represent the compositions of infiltrating waters than
pure wet-fall compositions (Meijer, 2002).
Chemical analyses of rainwater and spring water
samples
The pH measurements were performed in the
laboratory with a pH electrode and the specific
conductance with a WTW laboratory conductimeter.
Bicarbonate was determined by titration with
HCl. Major ions and acetate concentrations were
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determined by ion chromatography using a DIONEX
ICS-1000 model connected to a DIONEX AS40
Automated Sampler. For cation preservation samples
were filtered through a 0.45 μm nylon membrane
filter and acidified at pH<3 with concentrated HNO3
solution. The accuracy of the analyses was checked by
the ionic balance. As per spring water, analyses with
a ionic balance of ±5% were considered acceptable.
Regarding rainwater, it was used the acceptable
USEPA range of ion difference (30%-60%, for sum
of ions 50-100 μeq/l, and 15%-30% for sum of ions
>100 μeq/l). The observed difference in cations and
anions always fell within this acceptable range.
Chemical analyses on saturated paste extracts
Eleven samples of Vitric Andosol were collected
(six from grassland [G-type] and five from woodland
[W-type]) to carry out chemical analyses on saturated
paste extracts. Within grassland, three samples
were collected in those areas where the soil cover
is uniformly distributed (Gu-type), and other three
samples were taken in those areas where the soil
cover is non-uniform (Gnu-type) and confined into
open cracks in the near-surface carbonate bedrock.
Saturated paste extracts provide information on the
chemistry of solutes in soil solution because it more
closely approximates the water content of the soil
under field conditions.
Air dried <2 mm soil samples were saturated with
deionized water to create a saturated paste, the water
was then extracted by centrifugation and filtered
through a 0.45 μm nylon membrane filter for chemical
analyses. Samples (100-150 g of dried, sieved soil)
were placed in beakers and deionized water was added
to bring them nearly to saturation. Samples were
allowed to stand overnight and then they were mixed
with a spatula. At saturation, the soil paste glistens
as it reflects light, flows slightly when the container
is tipped, and slides freely and cleanly off the spatula
except for those soils with high clay content.
Analyses included electrical conductivity (EC),
alkalinity, major ions and acetate. Saturated paste
extracts were analysed by the same methods as those
described for spring water samples. Soil pH was
measured on a soil water suspension (1:2.5, wt:vol).
Column experiments
A physical analogue model was developed through two
column experiments to analyse the chemical evolution
of water percolating through the pyroclastic soil.
Two intact soil block of Vitric Andosol (181.36
cm2 by 11 cm deep) were collected from the test site
according to described method (Celico et al., 2004).
After collection, each soil sample was covered with
plastic and transported to the laboratory where the
experimental procedure was commenced immediately
at room temperature. A diffuse water flow was obtained
carrying out the column experiment in a standard
permeameter. A peristaltic pump was used to constantly
push the water through the soil. Soil block drainage was
entirely collected beneath the outflowing hole in several
fractions to analyze changes in ions concentration over
time, during each simulated event.
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During the first column test, the rainwater collected
at the test site was applied on the top of the block.
Two infiltration events (24 h each) were simulated in
order to analyze also the effect of a period of no rainfall
(120 h) between events. During each infiltration event,
rainwater (3.0 l, corresponding to 165 mm of effective
infiltration) was poured at a velocity of 3.5 mm/h.
During the second column test, deionized water
(45.7 l) was applied on the top of the block, and
poured at a velocity of 3.5 mm/h. This eleven-week
long test was carried out to analyze the result of
a prolonged interaction between soil medium and
water. During each week, a first rainy period (48 h)
was followed by a first period of no rainfall (24 h), and
then by a second rainy period (24 h) and a second
period of no rainfall (72 h), in order to analyze,
also in this case, the effect of a discontinuous flow
through the soil column. During the tenth week no
rain was simulated in order to analyze the effect of a
longer period of no rainfall.
Chemical analyses of recovered samples were
carried out according to the method described above.
The soil blocks for the column tests are Gu-type.
From the chemical point of view, this soil type does
not show significant differences if compared with that
(W-type) collected in woodland (see results of chemical
analyses on saturated paste extracts). Unfortunately,
no blocks of the Gnu-type were collected for the same
purpose, because this soil type is confined into open
cracks in the near-surface carbonate bedrock.
Microbiological investigations
Denitrification is part of the global nitrogen cycle
and allows respiration in low oxygen environments
by using nitrogenous compounds as terminal
electron acceptors. It is a widespread trait among
prokaryotes: in fact since its discovery in 1886 by
Gayon and Dupetit, a broad range of denitrifying
bacteria and archaea have been described
(Verbaendert et al., 2011).
The first step of the denitrification pathway is the
respiratory nitrate reduction that can be performed
by taxonomically diverse microorganisms including
members of the α-, β-, γ- and ε-proteobacteria,
high and low GC Gram + (Gram-positive) bacteria
(Philippot, 2005).
Fecal coliforms and Pseudomonas species were
isolated from twenty soil samples collected from the
experimental field site, as representatives of nitratereducers and denitrifying bacteria.
Soil aliquots were initially diluted 1:1 (wt:vol) in
buffered peptone-water (for fecal coliforms) and in
phosphate-buffered saline (for Pseudomonas species)
and resuspended by vigorous vortexing until an
evenly distributed suspension was obtained. Fecal
coliforms isolates were then selected by plating of
0.1-ml aliquots of appropriate 10-fold serial dilutions
in buffered peptone-water (up to 10-5) on m-FC Agar
(Biolife) for 24 h at 44°C. Pseudomonas isolates were
selected by plating of 0.1-ml aliquots of appropriate
10-fold serial dilutions in phosphate-buffered saline
(up to 10-5) on Pseudomonas selective Agar (Biolife) for
42 h at 37°C.

Fecal coliforms were processed using API 20E
strips (BioMerieux), following the manufacturer’s
instructions. API 20E is a standardized identification
system for Enterobacteriaceae and other nonfastidious Gram-negative rods which uses 21
miniaturized biochemical tests and a database.
Taxonomic classification of such isolates was
performed by sequence analysis of one of the 16S rRNA
genes amplified with two universal oligonucleotides
designed by BMR Genomics (University of Padova,
Italy) to amplify ~500 bp DNA fragment. Nucleotide
sequencing was performed by BMR Genomics. The
sequences were aligned to 16S rDNA sequences
obtained from the National Center for Biotechnology
Information database by the Mega BLAST search
(Basic Local Alignment Search Tool).
Thermodynamic calculations
Mineral saturation indexes (SI), CO2 partial pressure
and the activity of dissolved species were calculated
based on the complete physico-chemical analyses of
the water samples. The software PHREEQCI, version
3.1.1, the Debye–Hückel equation and the thermo.com.
v8.r6 thermodynamic database (as know as llnl.dat)
were used for the calculations (Parkhurst & Appelo,
1999), whereas the Act2 tool of The Geochemist’s
Workbench®, version 7.0.6 (GWB) with the same
thermo.com.v8.r6 dataset plus other solubility data on
some clay minerals from the Thermoddem database
(http://thermoddem.brgm.fr; Blanc et al., 2012)
were used for the construction of the mosaic activity
diagrams (Bethke & Yeakel, 2008).

RESULTS AND DISCUSSION
Nitrate-reducer and denitrifying bacteria in soil
Fecal coliforms were analyzed using colonies isolated
in soil samples. These colonies were characterized
with API 20E system fermentation strips showing
that, out of 120 isolates, 110 were identified as
Escherichia coli, 5 as Citrobacter spp., 3 as Klebsiella
spp. and 2 were unidentified. Chromosomal DNA
was extracted from 3 strains of each Coliform group,
and PCR was performed to obtain amplification of
the 16S rRNA genes. Upon BLAST comparison with
the DNA GenBank, the sequences of the 16S rRNA
genes revealed good agreement with the identification
performed with the API system. This statement is of
great importance in such a study, because E. coli is a
nitrate-reducer bacterium (e.g., Ghiglione et al., 1999)
and then it reduces nitrate to nitrite [NO3- → NO2-].
Conversely, other bacteria (denitrifying bacteria or
denitrifiers) are capable of further reduction to free
nitrogen [NO3- → NO2- → NO → N2O → N2].
Denitrifying rhizobacteria belonging to the genus
Pseudomonas were also detected in soil samples
collected at the study site by sequence analysis. These
isolates, together with those found at the same site in
previous investigations (Bacillus subtilis, B. cereus, B.
pumilus in Naclerio et al., 2009a, and Acidovorax and
Flavobacterium in Petrella et al., 2009b) describe a
denitrifying microbial community very similar to that
found in other sites (e.g., Wang & Skipper, 2004).
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Rainwater and spring water chemistry
The main physico-chemical features of rainwater
collected at the study site were (Table 1; Fig. 2): Ca2+
and HCO3- in the 48% of the events, Na+ and Cl- in
the 30%, Ca2+ and SO42- and Na+ and HCO3- in the
9% each, and K+ and HCO3- in the 4%. The volumeweighted mean of EC is 18 µS/cm, with values
ranging from 5 µS/cm to 83 µS/cm in the observation
period. Considering 5.6 as the pH of cloud water
at equilibrium with atmospheric CO2 (Charlson &
Rodhe, 1982), the pH of rainwater (volume-weighted
mean 5.7) was in the moderately alkaline range in the
60% of the analysed samples, and in the moderately
acidic range in the 40% of the samples. Taking into
consideration the relative abundance of Ca2+ and
HCO3- in rainwater, the observed alkalinity is probably
due to carbonate dust particles in the atmosphere
that buffers the acidity of rainwater (e.g., Kulshrestha
et al., 1996; Herut et al., 2000; Kulshrestha et al.,
2003). Conversely, the acid rain is due to higher
concentrations of strong acids that constitute major
products of atmospheric pollution of anthropogenic
origin (e.g., Herut et al., 2000; de Mello, 2001;
Migliavacca et al., 2005; Golobočanin et al., 2008),
Table 1. pH, EC (µS/cm) and concentrations (µeq/l) of the ions
analyzed in rainwater samples (Rain is the cumulated precipitation
amount in mm; v-w m is the volume-weighted mean; n.d. is not
determined; dates are given in day/month/year).
+
pH
EC
Na+ NH4 K+ Mg2+ Ca2+
(25°C) (25°C)

Date

Rain

02/10/06

92

5.9

7

18

10/10/06

27

5.5

15

33

8

08/11/06

17

6.3

33

80

<1

27/11/06

59

6.3

8

28

<1

14/12/06

50

6.4

9

30

20/12/06

25

5.9

6

09/01/07

59

4.7

22

22/01/07

34

4.8

25

29/01/07

55

6.0

12/02/07 121
20/02/07 109
26/02/07
12/03/07

2

NO2- NO3- SO42- HCO3-

5

36

10

<1

<1

18

3

11

57

30

89

19

78

89

<1

28

31

19

<1

<1

34

123

2

7

27

27

<1

<1

13

19

<1

2

9

24

30

<1

6

15

19

9

<1

2

6

49

11

4

13

24

8

<1

10

11

17

21

52

<1

22

40

30

33

29

2

6

37

30

<1

43

47

38

48

244

13

6

35

50

272

<1

28

49

38

n.d.

9

20

n.d.

10

23

8

1

7

14

19

<1

12

14

38

4

1

7

21

23

<1

10

17

38

34

4.9

20

45

14

2

4

25

41

<1

30

34

38

67

n.d.

12

20

10

1

4

24

19

<1

17

25

38

27/03/07 124
02/04/07

8

n.d.

22

79

31

2

12

16

86

<1

24

27

38

n.d.

16

26

7

2

5

80

26

<1

28

45

76

10/04/07

34

n.d.

5

5

<1

1

2

24

4

<1

5

14

38

23/04/07

25

n.d.

13

7

1

4

3

79

7

<1

26

36

58

07/05/07

64

n.d.

12

14

<1

4

7

62

15

<1

<1

27

67

11/06/07

92

n.d.

36

165

<1

8

33

65

184

<1

<1

46

48

20/06/07

25

n.d.

8

11

<1

5

9

43

11

<1

<1

25

48

27/08/07

3

n.d.

83

144

49

41

25

369

174

4

79

108

n.d.

12/09/07

7

n.d.

71

121

63

24

21

293

127

3

99

125

n.d.

03/10/07

45

n.d.

33

37

13

12

10

150

37

2

18

47

74

08/10/07

35

n.d.

27

17

62

9

2

158

17

<1

27

59

121

29/10/07

20

n.d.

23

37

6

5

9

123

41

<1

35

42

83

5.7

18

52

10

5

11

46

54

-

14

29

42

v-w m

1

Cl-

25
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although natural acid inputs to the atmosphere may
be important contributors (Lee & Wakeham, 1989).
Unfortunately, a not exhaustive analysis of such a
topic is allowed because pH values were not measured
from February 2007 onwards.
The main chemical feature of water samples
collected at the perennial spring was of Ca2+ - HCO3type (Table 2; Fig. 2), with a mean Mg2+/Ca2+ = 0.04 ±
0.01 (mol ratio). The mean EC was 323 µS/cm, with
values ranging from 304 µS/cm to 339 µS/cm in the
observation period. The pH of spring water was from
nearly neutral to moderately alkaline.
A thorough analysis of temporal variability of
physico-chemical parameters in rainwater and spring
water is not necessary in this study, therefore it will
be reported in a dedicated paper.
Saturated paste extracts
The results of the analyses on saturated paste
extracts are summarized in Table 3. Comparing the
results related to the different soil types, the following
scenario can be depicted. Both Gu-type and Gnu-type
are nearly neutral with pH values ranging from 7.0
to 7.7 (mean 7.4), and from 7.2 to 7.4 (mean 7.3),
respectively. Regarding the water-soluble ions, the
inorganic anion dominating the anion suite was HCO3-,
while the dominating cation was Ca2+ for both soil types.
However, the two soil types show some differences
from the chemical point of view, despite they are both
related to grassland. The differences between the mean
EC values, and between the mean concentrations of
SO42-, NO3- and Ca2+ are statistically significant at
0.05 level. Moreover, Mg2+ was not detected in all Gnu
samples. The higher concentrations of NO3- in Gu soil
are due to the more luxuriant vegetation and then to
the higher organic matter content in such a soil type.
In Gu-type soil, an organic matter content ranging from
20% to 35% was found in the test site (Naclerio et al.,
2008). Moreover, the water-soluble nitrate in Gu soil
is extremely high compared to that of rainfall, while
NO3- in Gnu soil is slightly higher compared to that of
precipitation (Tables 1 and 3). These findings further
support that the significant alteration/transformation
of soil nutrients by grassland ecosystems, within soil
covers uniformly distributed in wide areas, leads to the
generation of higher nitrate levels.
When comparing the grassland soils to the forest
soil, no relevant differences are observed between
Gu-type and W-type. Conversely, the significant
difference in mean concentrations of NO3- between
Gnu-type and W-type further confirms that a more
luxuriant vegetation causes an increase in nitrate
in the soil medium. Thus, differently from findings
in other sites (Ndala et al., 2006), forest is not the
factor that governs the increase in water-soluble
nitrate in the test site, but a luxuriant vegetation
(both grassland and forest) uniformly distributed
over a wide area.
The one-week column experiment
In Table 4 the main physico-chemical features of
rainwater used to carry out the one-week column
experiment are reported.
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Fig. 2. Ternary diagrams for anions and cations (eq/l) of rain, soil, spring water samples and infiltration water during column tests.

The first infiltration event
When analyzing the variation of ions concentrations
over time, during the first infiltration event, a great
variability is observed (Fig. 3). Three main types
of chemographs (time concentration curves) were
observed: (a) a v-type chemograph, for Ca2+, Mg2+
and acetate, as well as for EC; (b) an increasing-type
chemograph, for HCO3- and Na+, and (c) a decreasingtype chemograph, for Cl-, SO42-, NO3-, and K+.
Regarding the v-type chemograph, variations of Ca2+
and Mg2+ are well correlated to each other (r2 0.86).
A lower correlation exists between Ca2+ and acetate
(r2 0.70), while a poor correlation exists between Mg2+
and acetate (r2 0.34).
As per the increasing-type chemograph, a good
correlation is found between HCO3- and Na+ (r2 0.91).
Regarding the decreasing-type chemograph, Cland SO42- are well correlated to each other (r2 0.87),
while poor correlation was observed between the
said anions and K+ (r2 0.40 and 0.39, respectively).
No correlation can be calculated with NO3- because
its concentration rapidly decreased below the limit
of detection.
The sequence of two infiltration events
During the second infiltration event, all inorganic
ions show a decreasing-type chemograph, with the
exclusion of Mg2+ which shows a more articulated
shape (Fig. 3). However, Mg2+ is characterized
by a decrease in concentration during the whole
infiltration process. A good correlation is found
between parameters (Table 5), excluding Mg2+. This
overall correlation, together with the increase in
ions concentrations in the infiltration water between
the end of the first event and the beginning of the
second one, clearly suggest that the interaction
between water and soil particles over 120 h, at a
water content near saturation, enhances mineral
dissolution. Thus, from the beginning of the
second event on, the fresh infiltration water causes
a progressive dilution of such a water and the
progressive decrease in ions concentrations in water
samples collected at the soil bottom.

The synchronous variation of ions concentrations
during this second infiltration event compared with
the less organised behaviour of the first one seems to
suggest that infiltration events close to each others
enhance a more uniform response of the system.
The progressive decrease in concentration of HCO3and Ca2+ is also well correlated with the progressive
increase in acetate concentration (r2 0.84 and 0.81,
respectively), and happened with nitrate nearly absent
early during the event, and then completely absent.
Such a phenomenon suggests that the simulated
rainwater percolation caused anoxic conditions, and
soil spontaneously formed acetate, due to the rapid
response of a subcommunity of the microbiota to
anearobiosis (Küsel & Drake, 1995, 1996; Wagner
et al., 1996; Küsel et al., 2002). Conversely, the
absence of nitrate did not allow the oxidation of
organic acids formed under anoxic conditions to CO2
(Küsel & Drake, 1995; Wagner et al., 1996; Küsel &
Drake, 1999). Thus, the decrease in concentration
of HCO3- and Ca2+ seems to be also influenced by
microbiological processes within the soil medium,
therefore suggesting a role of the soil-specific
microbial community. This phenomenon reproduces
a field process, as demonstrated, at the study site,
by (a) detection of acetate in fresh infiltration water
(up to 76 meq/l, Petrella et al., 2009b), and (b)
existence of acetate-assimilating bacteria belonging
to Betaproteobacteria and Bacteroidetes (Petrella et
al., 2009b).
When analysing the sequence of the two infiltration
events, differences can be observed between ions.
HCO3-, Ca2+ and Mg2+ show an increase in mean
concentration (1219 to 2027 µeq/l, 1310 to 1733
µeq/l, 18 to 31 µeq/l, respectively), according to the
increase in EC (170 to 218 µS/cm). Conversely, NO3-,
NH4+, Cl- and acetate show a decrease in concentration
(130 to 31 µeq/l, 18 to 8 µeq/l, 181 to 123 µeq/l, 30 to
13 µeq/l, respectively). SO42-, Na+ and K+ do not show
any important variations (71 to 62 µeq/l, 164 to 179
µeq/l, 9 to 8 µeq/l, respectively).
The increase in mean concentration of HCO3between infiltration events was due to an increase in
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Table 2. Temperature, pH , EC (µS/cm) and concentrations (µeq/l) of the ions analyzed in spring water samples (dates are given in day/month/
year). CO2 partial pressure and carbonates saturation indexes were calculated at the mean temperature of T = 8.1°C.
Date

T (°C)

pH
(25°C)

EC
(25°C)

Na+

NH4+

K+

Mg2+

Ca2+

Cl-

NO2-

NO3-

SO42-

HCO3-

logP(CO2)

SIcalcite

02/10/06

8.8

7.6

322

101

<1

14

153

3268

108

9

17

55

3127

-2.56

0.18

0.13

10/10/06

8.7

7.5

311

104

<1

14

148

3037

111

9

15

56

3023

-2.47

0.03

-0.15

16/10/06

8.3

7.6

309

105

<1

14

149

3035

112

10

15

56

3004

-2.59

0.13

0.06

24/10/06

8.4

7.6

308

97

<1

13

146

2814

108

10

15

53

2985

-2.59

0.10

0.02

30/10/06

8.3

7.7

307

99

<1

14

149

2860

109

9

14

54

2976

-2.70

0.21

0.25

08/11/06

7.9

7.6

307

101

<1

14

155

2874

111

9

15

53

2985

-2.60

0.11

0.04

16/11/06

8.0

7.7

308

103

<1

14

161

2935

112

8

16

54

2985

-2.70

0.22

0.28

22/11/06

7.7

7.7

306

103

<1

15

163

2985

117

10

16

55

2976

-2.71

0.23

0.29

27/11/06

7.5

7.7

304

107

<1

15

159

2994

113

9

15

52

2994

-2.71

0.23

0.28

04/12/06

7.3

8.0

308

106

<1

16

176

2902

109

8

15

50

3042

-3.06

0.56

0.99

14/12/06

6.9

7.9

305

107

<1

16

159

2942

111

9

16

51

3061

-2.95

0.45

0.73

20/12/06

6.8

8.1

315

106

<1

16

184

3008

111

12

16

50

3117

-3.19

0.70

1.28

29/12/06

6.7

7.7

314

106

<1

17

164

3083

111

11

18

52

3174

-2.70

0.26

0.34

03/01/07

7.0

7.9

316

106

<1

17

160

3099

109

11

15

52

3174

-2.93

0.49

0.79

09/01/07

7.2

7.9

331

106

<1

16

145

3296

105

10

17

54

3363

-2.91

0.54

0.81

16/01/07

6.7

7.5

336

105

<1

16

117

3262

103

11

15

54

3344

-2.46

0.09

-0.18

22/01/07

7.5

7.8

339

105

<1

15

141

3292

99

11

14

51

3401

-2.78

0.43

0.59

29/01/07

7.1

7.8

338

107

<1

15

123

3323

102

11

14

54

3363

-2.79

0.43

0.52

06/02/07

6.9

7.9

337

107

<1

15

98

3305

106

11

13

56

3344

-2.92

0.54

0.64

12/02/07

7.6

7.7

337

107

<1

13

130

3310

99

11

15

44

3363

-2.67

0.32

0.32

20/02/07

7.9

7.5

338

114

<1

13

94

3413

109

14

12

52

3438

-2.43

0.13

-0.21

26/02/07

8.1

7.8

335

114

<1

13

88

3393

105

9

10

51

3382

-2.77

0.44

0.40

05/03/07

8.1

7.6

328

111

<1

13

90

3339

107

13

10

55

3344

-2.55

0.22

-0.04

12/03/07

7.7

7.4

333

109

<1

13

86

3357

111

13

12

58

3363

-2.34

0.01

-0.48

19/03/07

7.8

7.6

325

109

<1

13

90

3301

108

9

11

55

3344

-2.55

0.21

-0.06

27/03/07

8.1

7.6

334

112

<1

13

77

3329

107

11

11

54

3382

-2.54

0.22

-0.10

02/04/07

7.9

7.6

333

111

<1

13

81

3298

108

11

11

55

3438

-2.54

0.22

-0.08

10/04/07

8.0

7.6

334

116

<1

14

98

3376

101

8

10

51

3348

-2.55

0.22

-0.01

23/04/07

8.7

7.2

333

113

<1

14

72

3311

107

9

10

55

3329

-2.12

-0.20

-0.97

30/04/07

8.7

7.7

333

111

<1

14

62

3202

109

12

10

54

3310

-2.65

0.31

0.00

07/05/07

9.2

7.5

332

111

<1

13

100

3244

108

12

14

54

3329

-2.42

0.10

-0.20

14/05/07

9.0

7.6

336

110

<1

14

65

3241

105

12

11

58

3310

-2.54

0.21

-0.18

21/05/07

9.4

7.7

331

112

<1

13

57

3289

107

13

12

60

3310

-2.64

0.32

-0.01

28/05/07

9.4

7.5

331

112

<1

13

106

3295

105

10

12

56

3290

-2.43

0.10

-0.18

04/06/07

8.7

7.6

327

110

<1

14

115

3247

107

11

12

59

3271

-2.55

0.20

0.05

11/06/07

9.3

7.6

327

112

<1

14

116

3250

106

12

12

59

3252

-2.54

0.20

0.06

20/06/07

9.6

7.6

326

111

<1

14

117

3205

107

13

12

56

3252

-2.54

0.20

0.07

03/07/07

9.7

7.6

327

110

<1

14

140

3179

110

12

12

57

3233

-2.54

0.19

0.14

09/07/07

9.4

7.2

328

110

<1

14

127

3167

109

13

12

56

3252

-2.12

-0.22

-0.74

16/07/07

9.8

7.7

325

111

<1

14

137

3167

109

12

12

59

3252

-2.64

0.30

0.35

23/07/07

9.7

7.3

323

110

<1

14

137

3132

108

12

12

56

3213

-2.22

-0.13

-0.51

30/07/07

9.9

7.3

322

110

<1

14

141

3122

108

11

11

55

3213

-2.22

-0.13

-0.49

06/08/07

9.6

7.3

319

110

<1

14

117

3112

107

13

12

58

3179

-2.23

-0.13

-0.59

27/08/07

9.7

7.5

324

111

<1

14

115

3089

109

12

12

58

3161

-2.44

0.07

-0.19

03/09/07

8.3

7.2

319

110

<1

14

123

3074

110

15

13

58

3161

-2.15

-0.25

-0.81

12/09/07

8.8

7.0

317

111

<1

14

120

3072

110

13

12

55

3123

-1.94

-0.46

-1.22

17/09/07

8.7

7.1

315

110

<1

14

118

3041

111

13

12

56

3123

-2.04

-0.36

-1.03

24/09/07

8.9

7.6

315

111

<1

15

134

3031

110

13

11

55

3123

-2.57

0.16

0.06

03/10/07

8.8

7.6

314

111

<1

15

144

3032

111

13

12

56

3061

-2.58

0.15

0.07

08/10/07

8.8

7.6

313

111

<1

15

125

3021

113

15

12

55

3080

-2.58

0.15

0.02

15/10/07

8.3

7.2

313

111

<1

15

136

3016

113

12

13

56

3080

-2.16

-0.27

-0.79

29/10/07

8.4

7.6

314

110

<1

16

165

2997

113

10

16

52

3080

-2.58

0.14

0.12

Mean

8.1

7.6

323

109

-

14

124

3153

108

11

13

55

3208

-2.55

0.16

0.01
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Table 3. pH, EC (µS/cm) and concentrations (µeq/l) of the ions analyzed in saturated paste extracts obtained from soil samples Gu-1 to Gu-3, Gnu1 to Gnu-3 and W-1 to W-5. At the bottom, the values of pH, CO2 partial pressure and saturation indexes of carbonates calculated at the mean
temperature of the local spring waters (T = 8.1°C) are shown for comparison.
Parameter

Grassland soil (Gu-type)

Grassland soil (Gnu-type)

Woodland soil (W-type)

Gu-1

Gu-2

Gu-3

Mean

Gnu-1

Gnu-2

Gnu-3

Mean

W-1

W-2

W-3

W-4

W-5

Mean

pH (25°C)

7.0

7.4

7.7

7.4

7.2

7.4

7.2

7.3

5.9

6.0

6.3

7.7

6.2

6.4

EC (25°C)

578

429

585

531

149

337

172

219

311

328

545

401

588

435

Na

+

287

353

306

315

220

284

249

251

609

516

388

200

464

435

NH4

139

12

13

55

<1

13

<1

-

75

56

784

53

555

305

+

160

50

39

83

12

31

26

23

235

110

315

68

158

177

Mg

2+

140

89

81

103

<1

<1

<1

-

153

183

232

72

291

186

2+

4178

2972

4449

3866

1229

2738

1313

1760

1287

1557

3086

3505

3346

2556

+

K

Ca

Cl

247

356

370

324

111

711

191

338

231

424

379

71

524

326

NO2

-

58

342

283

228

17

66

17

33

37

33

204

216

124

123

NO3

-

2693

1277

2335

2102

281

255

322

286

1393

1305

1611

944

2589

1568

269

185

332

262

65

136

62

88

138

153

533

117

406

269

1160

1160

1391

1237

696

1670

742

1036

557

557

1321

2076

944

1091

pH (8.1°C)

7.06

8.66

8.71

8.14

7.36

7.60

7.36

7.44

6.00

6.11

6.27

8.23

6.18

6.56

logP(CO2)

-2.33

-3.90

-3.90

-3.38

-2.82

-2.69

-2.79

-2.77

-1.58

-1.68

-1.56

-3.23

-1.61

-1.93

SICalcite

-0.86

0.63

0.88

0.22

-1.22

-0.29

-1.16

-0.89

-2.68

-2.50

-1.78

0.51

-1.99

-1.69

SIDolomite-Ord

-2.10

0.84

1.13

-0.04

-4.72

-3.23

-4.65

-4.20

-5.20

-4.82

-3.59

0.44

-3.95

-3.42

-

SO4

2-

HCO3

-

CO2 production in the soil column from the end of
the first event and the beginning of the second one,
that enhanced carbonate dissolution, as revealed
by the switch of the mean logP(CO2) from -2.89 to
-2.84 and the obtainment of the equilibrium with
calcite, respectively (Fig. 3). During such a period,
the soil column was open to the atmosphere and soil
respiration probably increased due to better aerated
conditions within the column. This is in agreement
with several studies that demonstrated that the
optimum for soil respiration is frequently found
at intermediate water contents (Orchard & Cook,
1983; Howard & Howard, 1993; Davidson et al., 2000).
Furthermore, according to Linn & Doran (1984),
microbial respiration is limited in very wet soils due
to limitation of O2 diffusion through pores (oxygen is
needed for aerobic respiration), and in very dry soils
due to limitation of soluble organic-C substrates in
water films (soluble organic substrates are used as
energy sources by heterotrophic microorganisms).
Thus, the optimum water content is generally
somewhere near field capacity, where the macropore
spaces are mostly air-filled (facilitating O2 diffusion),
and the micropore spaces are mostly water-filled
(facilitating diffusion of soluble substrates).
The decrease in mean concentration of NO3- from the
first to the second infiltration event (130 to 31 µeq/l)
may be due to denitrification and nitrate reduction.
Also in this case, some of the bacteria isolated at
Table 4. pH, EC (µS/cm) and concentrations (µeq/l) of the ions
analyzed in rainwater used for the one-week column experiment.
pH
EC
(at 25°C) (at 25°C)
6.0

18

Na+

NH4+

K+

64

13

2

Mg2+ Ca2+
7

51

Cl-

NO2-

60

<1

NO3- SO42- HCO318

19

66

the Acqua dei Faggi experimental site belong to
genera and species that are classified as denitrifying
rhizobacteria (Bacillus subtilis, B. cereus, B. pumilus,
Acidovorax sp., Flavobacterium sp., Pseudomonas sp.)
or nitrate-reducers (E. coli).
Taking into consideration the existence of anoxic
conditions during the infiltration events, as shown by
acetate formation, the decrease in mean concentrations
of NH4+ in the same water samples (18 to 8 µeq/l) should
be due to anaerobic ammonium oxidation (anammox)
processes that allow NH4+ to be oxidized under
anoxic conditions (Strous et al., 1999). Anammox is
performed by autotrophic bacteria that were detected
in relatively few, mostly marine environments (e.g.,
Kuypers et al., 2003), even though they were recently
detected also in freshwater sediments (e.g., Penton
et al., 2006). However, no information exists to date
on the presence of such bacteria in the studied soil.
Microbiological investigations are in progress to verify
the effectiveness of this hypothesis.
The relatively high concentration of NO2- in soil
infiltration water may be the product of nitrate
reduction performed by E. coli and other nitratereducers bacteria. We hypothesize that such a
production is higher than biological conversion of
nitrite to dinitrogen gas during anammox processes.
The eleven-week column experiment
During the eleven-week long test, all the analyzed
ions describe similar breakthrough curves, even
though the peak concentrations do not perfectly
correspond (see examples in Fig. 4). This phenomenon
suggests that the analyzed soil medium is a set of
different sources of chemical species that interact
differently with water during its percolation. The long
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Fig. 3. Results of the one-week column experiment. The gray dashed line represents the composition of the rainwater used for the experiment. pH,
logPCO2 and the calcite saturation index were recalculated at the mean temperature of the springs (T = 8.1°C).

tailing and the generalized decrease in concentration
of all ions after several weeks suggest that one or
more of these sources are exhaustible in the physical
analogue model, which is isolated with respect to
other environmental components. In particular, Ca2+
and Mg2+ showed similar paths, with a downwarding
Table 5. Correlation coefficients between ionic concentrations in
infiltration water collected during the second infiltration event (oneweek column experiment).
Na+
K

K+

+

0.92

Mg

2+

0.09

0.20

2+

Ca

Mg2+

Ca2+

Cl-

0.86

0.64

0.01

Cl-

0.98

0.94

0.09

0.80

SO42-

0.75

0.58

0.14

0.84

0.64

HCO3-

0.90

0.68

0.01

0.99

0.84

SO42-

0.82

Mg2+/Ca2+ ratio towards the mean spring water
value (0.04), testifying the buffering effect of
(microcrystalline) carbonate minerals also in the soil
(Fig. 4). Also Na+ and Cl- paths are similar, however
their ratio was inverted after 250 h because to the
more rapid decrease of Cl- concentration. This effect,
coupled with the disappearing of SO42- after 216 h, is
in agreement with the anions adsorption in Andisols
demonstrated by other authors (Katou, 2004; Pigna
et al., 2007). The different breakthroughs of K+ and
NH4+ with respect to those described by the other ions,
suggest that K+ and NH4+ are dissolved, totally or in
part, from a different source.
Other to small crystals of residual K-bearing primary
silicates as muscovite, biotite and K-feldspars, should
be taking into consideration that Gu-type soil is
characterized by luxuriant vegetation and high organic
matter, therefore another probable exhaustible
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NH 4 (Peq/l)

+

Na+ (Peq/l)

15

100
50

10
5
0

Rwm

Rct
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Relationships between rainwater, soil infiltration
water and spring water chemistry
When comparing the spring water chemistry to the
results of the one-week column experiment, that was
carried out using rainwater, a great influence of pyroclastic
soil on the physico-chemical signature of spring water was
observed. After percolating through the 11-cm-thick soil
column, infiltration water had its chemistry significantly
modified with respect to rainwater.
Mean concentrations of Cl- and SO42- increased (two
to three-fold greater in soil infiltration water than
in rainwater) and their values were in the range of
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NO 2 (Peq/l)

source of potassium in the analogue model are plant
cells. Potassium is an essential macronutrient, which
is important for various aspects of plant life and, in
contrast to other metals, the concentration of K+ in
plant cells is very high (up to 8% of the dry weight;
Evans & Sorger, 1966). At the same time, NH4+ should
be due to ammonia dissolution in water, where
ammonia is produced naturally from decomposition
of organic matter. Another exhaustible source can
be salts precipitated during the hotter periods of a
hydrologic year, due to evaporation of rainwater in
the soil. This hypothesis is supported by data shown
hereafter. In any case, the Na+/K+ ratio appeared to
be mainly controlled by soil clay minerals at h < 250,
whereas the supply of K+ from additional sources
drove the decline of the ratio at h > 250 (Fig. 4).

200

0

2-

Fig. 4. Ions (µeq/l), EC (µS/cm) and molar ratios (m) behaviour
observed during the eleven-week column experiment. K+
concentrations did not increase shortly after the onset of the
experiment and it showed a long tailing; NH4+ behaved like K+.
Chemograph shapes were similar for Ca2+, Mg2+ and EC and for Na+
and Cl-. SO42- showed the maximum concentration at the onset of
the experiment, afterwards its concentration rapidly decrease below
the limit of detection. Pink square represents the Na+/K+ buffering by
local soil (Na+/K+ = 2.9 m) and theoretical composition of clay minerals
(Na+/K+ = 10.6 m), this latter ratio calculated by GWB software
imposing simultaneous equilibrium between a couple of various Naand K-clay minerals (e.g. montmorillonite, nontronite, saponite). The
vertical and red dashed line intercepts the curves at h = 250, which
corresponded to different but simultaneous events (Na/Cl switch,
SO42- disappear, K+ control by other sources but soil clays).

those characteristic of spring water (Fig. 5). However,
the SO42-/Cl- ratio (eq. ratio) in this infiltration water
(0.39 to 0.50) is very close to the ratio in spring water
(0.51) and to the ratio in rainwater (0.32 in the sample
used during the column test, and 0.54, in average,
in rainwater collected at the study site throughout
this work). Thus, the concentration of these anions
in spring water seems to be governed by interaction
between infiltration water and soil medium, but its
ratio is the same detected in rainwater.
Mean concentrations of Na+ also increased (more
than two-fold greater in soil infiltration water than
in rainwater), but the values in soil infiltration water
(164 and 179 µeq/l during the first and the second
infiltration events, respectively) are higher than that
(109 µeq/l) observed in spring water (Fig. 5).
The higher mean concentration of K+ in spring water
than in soil infiltration water (Fig. 5), together with
the lower mean concentration of Na+, may be due to
cation exchange (Na+ for K+; e.g., Scott & Smith, 1966)
between water and clay minerals in marls interbedded
in the limestone sequence within the carbonate
aquifer. This phenomenon is further emphasised by
the K+/Na+ ratio that increases from 0.05-0.06 in
soil infiltration water to 0.13 in spring water. In this

SO 4 (Peq/l)
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Fig. 5. Water chemistry evolution from rainwater to spring water
(Rwm is the weighted mean concentration in rainwater; Rct is the
concentration in rainwater used for the one-week column test; FIEct
is the mean concentration in soil infiltration water during the first
infiltration event simulated during the one-week column test; SIEct
is the mean concentration in soil infiltration water during the second
infiltration event simulated during the one-week column test; Sm is
the mean concentration in spring water).
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study, was not possible to calculate the saturation
indexes between waters and silicates due to the lacks
of dissolved silica and aluminium concentrations.
However, it’s well known that waters are promptly
saturated in a Al2Si2O5(OH)4 phase, e.g., kaolinite,
at very low silica concentration, in particular where
primary silicates are present in the cover strata as in
this case (e.g., Boschetti & Toscani, 2008). Therefore,
supposing that Al and SiO2(aq) were buffered by
kaolinite, the [K+]/[H+] and [Na+]/[H+] activity ratios
obtained from thermodynamic speciation on water
samples at the mean temperature of 8.1°C can be
combined with the solubility data of the minerals to
obtain a mosaic diagram (Fig. 6). As showed by the
straight path of the samples, the primary phases
muscovite, K-feldspar and albite may furnish K+ and
Na+ to the infiltrating waters, whereas clay minerals
as illite or nontronite buffered their concentration.
Results did not appreciably changed if saturation
was imposed for poorly crystalline Al2Si2O5(OH)4 as
imogolite or halloysite, more typical of Andisols.
The higher concentrations of HCO3-, Ca2+ and Mg2+
in spring water are due to a significant carbonate
dissolution occurred mainly in the carbonate aquifer.
In fact, when all water samples are plotted in
comparison with the Ca2+/HCO3- equivalent ratios of
1.0 and 0.5 obtainable from the dissolution reactions
of calcite

89

study site (-15.77‰ VPDB; Petrella et al., 2009b) is
very different from the composition of spring water
(-11.51‰ VPDB; Petrella et al., 2009b). The calcium
excess in soil waters showed in Fig. 7 may come from
an interaction with clay minerals. In fact, in the [Ca2+]/
[H+]2 and [Mg2+]/[H+]2 mosaic activity diagram obtained
from the water speciation, is showed that Gnu-type soil
waters reached the stability kaolinite-montmorillonite
stability limit, whereas the [Ca2+]/[Mg2+] global ratios
was buffered by calcite-dolomite equilibrium calculated
for the mean logPCO2 = -2.55 of the springs (Fig. 8).
Finally, mean NO3- concentrations are lower in
spring water (13 µeq/l) than in soil infiltration water
(130 µeq/l and 31 µeq/l during the first and the
second infiltration events, respectively), and NH4+ is
not detectable only in spring water. Conversely, NO2- has
the highest concentration in spring water (Fig. 5). These
findings further support that denitrification, nitrate
reduction and anammox processes are allowed by
a microbial community within the aquifer system,
according to previous suggestions.

CaCO3 + CO 2 + H 2 O → Ca 2+ + 2HCO3−

and dolomite
CaMg(CO3 ) 2 + 2CO 2 + 2H 2 O → Ca 2+ + Mg 2+ + 4HCO3−

respectively, the spring waters are clustered near
to the calcite dissolution line (Fig. 7), testifying
that calcite predominated in the aquifer. The mean
Mg2+/Ca2+ activity ratio of the spring waters calculated
by software speciation is 0.0405, which correspond
to a very low-Mg calcite having Mg2+/Ca2+ = 0.000587
applying the partition coefficient for Mg at T = 8.1°C
(Huang & Fairchild, 2001). This probably corresponds
to the composition of a secondary, poorly cristalline
calcite in the local soil, in accord with the results
obtained in other area (Sobecki & Karathanasis, 1987).
Differently, water from soils and column tests are
more scattered, with an higher Ca2+ concentration for
the former (particularly for Gu-type soil samples) and
a path converging toward the spring water’s best fit
for the latter (Fig. 7). As expected for a ground water
circulating in a carbonate aquifer, thermodynamic
calculations testified that the equilibrium was reached
between spring waters, pure calcite (SIcalcite = 0.16 ±
0.20) and an ordered dolomite (SIdolomite-ord. = 0.009
± 0.504). Soil waters showed increasing calcite
saturation indexes from undersaturation (W-type
SIcalcite = -1.69 ± 1.28; Gnu-type SIcalcite = -0.89 ± 1.28)
to a slight oversaturation (Gu-type SIcalcite = 0.22 ±
0.98); lower and more scattered values were obtained
for dolomite (W-type SIdolomite-ord. = -3.42 ± 2.25; Gnu-type
SIdolomite-ord. = -4.20 ± 0.84; Gu-type SIdolomite-ord. = -0.04 ±
1.79). This statement is further supported by results
of isotopic analyses. In fact, the δ13CDIC composition
of infiltration water collected at the soil bottom in the

Fig. 6. Mosaic activity plot for the K2O-Na2O-SiO2-Al2O3-CO2-H2O
system at T = 8.1°C, P = 1.013 bar. Dissolved silica and aluminium
activity were buffered imposing log[SiO2] = -4.1 (corresponding
to a concentration of about 5 mg/l) and kaolinite equilibrium,
respectively; logPCO2 = -2.55 was also imposed according to the
mean value obtained for the spring waters. Primary silicates as
K-feldspar, muscovite and albite-low are shown in (A), whereas clay
minerals in (B). Nontronites appeared when iron concentration was
buffered with hematite or goethite. Solubility data were from thermo.
com.v8.r6 (continuous line) and Thermoddem (dotted line and italic)
thermodynamic datasets. FIEct and SIEct represent the first and
second infiltration column test, respectively.
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Fig. 7. Calcium vs bicarbonate concentration (µeq/l; logarithmic
scale in A, linear scale in B and C) of rain, soil, spring water samples
and soil infiltration waters during FIEct and SIEct, the first and
second infiltration event, respectively. The lines represents calcite
and dolomite dissolution (see text for details), whereas dashed line
represents the calculated best-fit of the spring waters.

CONCLUSIONS
The studied soil has a great influence in modifying
rainwater chemistry during percolation and then
it is a factor of utmost importance when analysing
the hydrochemistry of ground- and spring water at
the experimental field site. This soil behaves as a set
of different sources of chemical species. The most
significant sources detected within this study are:
(a) salts precipitated during the hotter periods of a
hydrologic year, due to evaporation of rainwater in
the soil, and (b) organic matter (including plant cells)
which has a great influence on K+.
On the whole, about the 50% of the major ions
HCO3- and Ca2+ in spring water is due to interaction
between percolation water and soil medium, and
another 50% is due to carbonate dissolution within the
carbonate bedrock. However, several biogeochemical
processes cause the concentration of such ions in soil
infiltration water to significantly change over time,
within a single rainwater event and between events.

Thus, the interaction between infiltration water and
soil is a new factor to consider when analysing springs
chemographs in carbonate environments within the
Italian Apennine range. From the theoretically point
of view, the influence of this phenomenon could be
significant in those carbonate aquifers where rapid
flow and low mixing occur, due to percolation and flow
mostly concentrated in conduits. Conversely, this great
variation of hydrochemistry in soil infiltration water
should not significantly influence springs chemographs
in carbonate aquifers similar to the tested one, because
(a) the carbonate medium is essentially fractured and
subordinately karstified, (b) no retention of percolation
and water storage in temporary perched aquifers are
observed, (c) no funnelling is observed in vertical shafts
at the epikarst bottom, and (d) a significant mixing is
expected in the fracture network (Celico et al., 2006;
Petrella et al., 2007; Petrella et al., 2008). This topic
will be thoroughly developed in a dedicated work,
merging hydrochemical data with hydrogeological and
isotopic data.
With regard to minor anions Cl- and SO42-, the
concentration in spring water is very close to that of
infiltration water during short-term interaction with
soil, but a decline is showed in the long-term. With
regard to minor cations, Mg2+ concentrations in spring
water are mostly (about the 80%) due to interaction
between underground water and carbonate rocks.
Thus, it seems a good indicator of dynamics within the
carbonate bedrock. In compartmentalized carbonate
systems, such as the Acqua dei Faggi experimental
site, the Mg2+/Ca2+ ratio could be tentatively used
as indicator of interactions between compartments
that are characterised by different percentage of
dolostone within the carbonate sequence. The
simultaneous equilibrium between spring water and
carbonates (calcite and dolomite) may have produced
the precipitation of poorly crystalline, very low-Mg
calcites in the soil, with which percolating water may
have reached equilibrium in turn. Differently, the
concentrations of minor cations Na+ and K+ are greatly
influenced by primary silicates (and probably plant
cells for K+) particularly in the long period, whereas
a buffering of their elemental ratios by clay minerals
predominated in the short period.
Despite the soil is very rich in NO3- in wide areas, due
to luxuriant vegetation, the concentrations of such
anion in spring water are as low as those observed in
the local rainwater. The results of this study suggest
that this phenomenon is due to the existence of a soil
microbial community that allows denitrification and
nitrate reduction. Moreover, taking into consideration
that infiltration processes cause anoxic conditions
within the soil medium (demonstrated by production
of acetate), the absence of NH4+ in spring water
throughout the observation period should be due to
anammox processes. A specific microbiological study
is in progress to verify the effectiveness of such an
hypothesis. Nitrate reduction could also explain the
higher concentrations of NO2- in spring water than
in soil infiltration water (about the 200%), despite
the biological conversion of nitrite to dinitrogen gas
during anammox processes.
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Fig. 8. Mosaic activity plot for the MgO-CaO-SiO2-Al2O3-CO2-H2O system at T = 8.1°C, P = 1.013 bar. Dissolved silica and aluminium activity were buffered
imposing log[SiO2] = -4.1 (corresponding to a concentration of about 5 mg/l) and kaolinite equilibrium, respectively. Dashed stability limits representing
equilibrium between carbon-bearing phases (carbonate minerals and dissolved CO2; in italic) were obtained imposing logPCO2 = -2.55 according to the
mean value obtained for the spring waters. A closer look to soil infiltration waters during FIEct and SIEct, the first and second infiltration event respectively,
is also shown.
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In a broader context, these findings suggest that
hydrochemistry and spring chemographs may be
significantly influenced by several factors, such as
relationships between soil and rainwater, vegetation,
and microbial communities, which are not necessarily
correlated with lithological and structural features of
carbonate aquifers.
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Book Review
Jean G. Shaw

Caves of the Democratic Republic of the Congo:
exploration, science and history
Berliner Höhlenkundliche Berichte, Band 53. ISSN 1617-8572, 152 pp.
A4, 11 b/w and colour illustrations, paper cover, available from the publisher Michael Laumanns, Unter
den Eichen 4c, D-15834 Rangdorf, Germany at the cost of € 25.00, 15 GBP or 20 USD, including postage.

Up to now we were accustomed to excellent books produced by Trevor Shaw, but today
we have the pleasant surprise of another book, this time written by Trevor’s wife Jean.
The quality of this book is as high as usual and perhaps, better since the amount of work
necessary to achieve the result is very great.
In fact the organization of a bibliography of the caves of the Democratic Republic of the
Congo implies incredible difficulties. With respect to the challenge of tracing the original
publications, which is common to everyone involved in the preparation of a bibliography,
Mrs. Jean Trevor had to solve the problem of determining cave names, which frequently
were similar but not exactly the same and as she writes: a few had changed to the vernacular
since the end of Belgian rule. Anyone who has ever dealt with cave names, knows how
difficult it is to unravel the problem of slightly different names, which can refer to the
same cave but, in other instances, indicate entirely different caves.
If this were a problem in our country where the language is the same, in the case of
Congo’s caves the names would first be transliterated from local dialects into a western
language and then, eventually, reported into English. In conclusion the Author had to
develop a special ability to find the right way among a number of different possibilities:
this fact would already be a good reason for great praise.
The provincial divisions of Congo are taken into account: Katanga, Kasai Occidental
and Oriental, Kivu, Bandundu, Kongo Central, Equateur and Region Orientale. For each
of these divisions, a detailed description of karst and geology, archaeology, fauna, etc.
is given and the caves are described with itinerary and many remarks from the original
literature.
Such a publication supplies in a single paper an incredible number of different papers
spread over many places and times. Therefore it is an extremely valuable source of
information for anyone interested in the caves of the Congo.
Also, on behalf of many speleologists from many different countries I feel particularly
happy with this new contribution by the famous “firm” Shaw & Co. and recommend such
a book to anyone interested in African speleology.

Arrigo A. Cigna

